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ABSTRACT 
The catalytic activity of Chevrel phase compounds 
(M^OgSg) for thiophene hydrodesulfurlzation at 400°C has been 
found to be comparable to or greater than that of model indus­
trial catalysts (unpromoted and cobalt-promoted MoSg). The 
most active Chevrel phase catalysts were those containing the 
"large" ternary component cations Ho, Pb, Sn; the "intermedi­
ate" cation materials (M = Ag and In) were less active; the 
"small" cation materials (M = Cu, Fe, Ni, and Co) were the 
least active catalysts. The 1-butene hydrogénation activities 
of the Chevrel phase catalysts at 400°C were much lower than 
MoSg, with the exception of Ni^ ^Mo^Sg. 
X-ray powder diffraction and laser Raman spectroscopy 
analysis of the used (10 hours of thiophene reaction) cata­
lysts revealed that the bulk structures were staUble under 
reaction conditions. XPS analysis of the fresh Chevrel phase 
catalysts (Mo 3^5/2 binding energies near 227.5 eV) showed 
reduced molybdenum surface oxidation states compared to the 
+4 Mo state of M0S2 catalysts. After thiophene reaction, vari­
ous degrees of oxidation of the surface molybdenum states 
could be detected for the small and intermediate cation mate­
rials, with em accompanying loss of the ternary component from 
the surface. For the large cation materials, there was no 
analogous surface molybdenum oxidation or loss of the ternary 
component. 
xiv 
Using a deuterium-thiophene feed at 400°C, the amount of 
deuterium incorporated into thiophene and into the desulfur-
ization products (hydrogen sulfide, butadiene, and hutenes) 
was determined as a function of reaction time. For all Chev-
rel phase arid MoSg catalysts examined, HgS was almost exclu­
sively formed (typically 90+ %); only small amounts of HDS and 
DgS were detected. At the same levels of thiophene conver­
sion, unpromoted M0S2 Introduced up to 10 times more deuterium 
Into the nondesulfurlzed thiophene than did the "promoted" 
catalysts. With the exception of the unpromoted MoS^ cata­
lyst, the deuterium distributions of cis and trans-2-butene 
were nearly identical but distinct from that of 1-butene. 
A mechanism of thiophene hydrodesulfurization is pro­
posed : butadiene is the initial reaction product and the hy­
drogen of hydrogen sulfide originates from the hydrogen-
exchange of thiophene. 
1 
CHAPTER 1. INTRODUCTION 
The Hydrodesulfurization Process 
The removal of sulfur from organic compounds Is an Impor­
tant process In both the petroleum and coal processing Indus­
tries. If not removed, the sulfur presents many troublesome 
problems. For example, the burning of sulfur-containing pe­
troleum or coal-derived fuels produces sulfur oxide emissions, 
ultimately resulting in environmentally harmful acid rain. 
Mhile it is technically possible to remove SO^ through stack 
gas scrubbing techniques, these techniques are expensive (1). 
The presence of sulfur in petroleum fractions also results in 
odor and corrosion problems, decreases the performance of 
gasolIne and diesel fuels (2), and poisons the catalysts of 
other Important processes, e.g., catalytic reforming (3). 
The most important process of sulfur removal is that 
referred to as hydrodesulfurization (HDS), in which sulfur is 
removed from organic compounds by their conversion into H2S 
and hydrocarbon products. In 1970, 10-15 million barrels of 
oil per day underwent hydrodesulfurization processing, making 
it one of the largest chemical processing techniques practiced 
(3). Hydrodesulfurization is one example of hydroprocessing 
reactions, in which petroleum or coal components react cata-
lytlcally with hydrogen. The other important hydroprocessing 
technique is hydrocracklng, in ?^lch hydrocarbons are cracked 
and hydrogenated to give materials with smaller molecular 
weights and higher hydrogen-to-carbon ratios. 
2 
Significant quantities of sulfur are present in petroleum 
and coal. Petroleum contains between 0.05 to 6.0 weight per­
cent sulfur (2), while coal contains 0.4 to 5.3 weight percent 
total sulfur, of which 0.3 to 2.0 percent is organically bound 
sulfur (4). The most common sulfur containing compounds found 
In petroleum feedstocks are listed in Figure 1.1; coal-derived 
liquids contain only the thiophenic compounds. Going down the 
figure, the reactivity of the compounds to be desulfurized 
decreases. The thiols, mercaptans, and disulfides are 
relatively easily desulfurized in the hydrodesulfurization 
process compared to the thiophenes. 
Compound class Structure 
Thiols (mercaptans) 
Disulfides 
Sulfides 
RSH 
RSSR' 
RSR' 
R 
Thiophenes 
Benzonaphthothiophenes 
Benzothiophenes 
Benzo[(^e/]dibenzothiophenes 
Figure 1.1. Common sulfur-containing compounds in 
petroleum (5) 
3 
Hydrodesulfurizatlon reactions are of the following type; 
Organic sulfur comp. + ^ H2S + desulfurized organic comp. 
Figure 1.2 shows a simplified schematic diagram of a typical 
industrial hydrodesulfurizatlon process. The reactor Is ei­
ther of the trickle-hed or ebullating-bed type; hydrogen is 
supplied from petroleum reforming processes. Industrial con­
ditions utilize temperatures of 300-500®C, pressures of 35-270 
atmospheres, and feed space velocities of 0.2-10 volumes of 
liquid feed per volume of catalyst per hour. Under these 
conditions, the hydrodesulfurizatlon reactions are exothermic 
and virtually irreversible (5). 
Oil feed 
Light products Hydrogen feed 
Aqueous 
^lution 
of base 
Dissolved 
Desulfurized 
liquid product -Recycle gos High-pressure 
CD to 
u 
phose separator 
Figure 1.2. Typical industrial hydrodesulfurizatlon 
process (5) 
4 
The catalysts utilized in the hydrodesulfurization 
process have evolved from those catalysts formulated in pre-
World War II Germany for the hydrogénation of coal and coal-
derived liquids. These catalysts are formed by supporting 
cobalt (or nickel) and molybdenum oxides on high surface area 
alumina supports. These oxides become sulfided in operation. 
Since the addition of cobalt (or nickel) to the molybdenum 
catalysts can greatly increase the catalytic activity, cobalt 
and nickel are referred to as promoters. Other systems of 
metals are sometimes used (Co-W, Ni-W). A variety of 
techniques have shown the presence of a molybdenum disulfide, 
MoSg, phase in the reduced and sulfided Co(Ni)Mo/A1^0g 
catalysts (6). Therefore, unsupported M0S2-based catalysts 
have also been extensively studied (7). These unsupported 
materials possess significant desulfurization activities 
themselves, and this activity is also promoted (increased) by 
the presence of cobalt and nickel. 
Despite intensive research efforts, the complexity of the 
typical industrial Co(Ni)Mo/Al203 materials arid even the un­
supported M0S2-based materials makes charact erization of the 
catalytically important material difficult. In addition, the 
extent to which the molybdenum chemistry can be altered is 
limited because of the predominance of M0S2 in these 
materials. 
The mechanism and pathways of the desulfurization of 
sulfur containing organic compounds have been probed by a 
5 
variety of techniques. For example, reaction studies have 
attempted to fit kinetic parameters to mechanistically based 
35 
models (8). Isotopic tracer studies (using D2 or S) have 
attempted to trace the specific atoms involved in the desul-
furization process (9, 10). %n situ spectroscopic studies 
(11) have attempted to elucidate the nature of the species 
adsorbed on the catalyst's surface. Despite these efforts, 
the mechanism and pathways involved in the desulfurization of 
thiophene, the most intensively studied of the model sulfur-
containing compounds, are still poorly understood. 
The need for improving the understanding of the fundamen­
tals of the hydrodesulfurization process is apparent. Short 
supplies of petroleum have created the need to upgrade heavy, 
sulfur-rich crudes, and to utilize the "bottom of the barrel". 
Crude oil residua (the "bottom of the barrel" left after dis­
tilling off the light oil components) contain very high levels 
of sulfur bound in high molecular weight compounds. The hy­
dr oproces sing of these sulfur-rich petroleum fractions re­
quires not only extensive hydrodesulfurization processing, but 
also hydrocracking and hydrogénation. The typical 
Co(Ni)Mo/Al202 catalysts are capable of all of the hydroproc-
essing functions : desulfurization, hydrogénation, and crack­
ing. However, it is desirable to be able to control these 
functions relatively independently, i.e., to be able to con­
trol the selectivity of the catalyst to perform these differ­
ent functions. For example, in residua processing it is 
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sometimes desirable to crack and hydrogenate the high molec­
ular weight materials while desulfurizing. But, in the desul-
furization of light petroleum fractions, cracking and hydro­
génation are to be avoided since they result in the consump­
tion of expensive hydrogen and the production of less desira­
ble products. Increased knowledge of the chemistry of the 
catalytically active phase and the mechanism of hydrodesulfur-
ization could allow the design of both more active catalysts, 
and of catalysts with more controllable selectivities. 
Research Objectives 
The objectives of this research were two-fold. The first 
objective was to achieve a better understanding of the nature 
of the catalytically active phase of the hydrodesulfurization 
catalysts. The second objective was to achieve a better un­
derstanding of the mechanism and reaction pathways of the 
hydrodesulfurization of thiophene, a model sulfur-containing 
organic compound. 
Nature of the catalytically active phase 
Despite an intensive research effort, many questions 
remain unanswered about the nature of the catalytically active 
portion of hydrodesulfurization catalysts. First, the identi­
ty of the active molybdenum species remains in question. For 
+3 +5 
example, both Mo (12) and Mo (13) species have been iden­
tified as the active species using electron spin resonance 
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(ESR) techniques. Second, the nature of the promotional ef­
fect of cobalt (or nickel) in molybdenum based catalysts is 
poorly understood. For exeunple, recently a catalytically 
active Co-Mo-S (Ni-Mo-S) phase has been identified in both 
supported Co(Ni)Mo/Àl2Ô2 catalysts and unsupported MoSg cata­
lysts (14). However, both the structure of this phase, in­
cluding the position of the promoter atoms, and the state of 
the individual species involved are unknown. 
Thus, the first goal of this research was to examine the 
nature of the catalytically active hydrodesulfurization phase 
though the preparation, and physical and catalytic character­
ization of a series of ternary molybdenum sulfides of general 
formula M^MOgSg. These materials, referred to as (Zhevrel 
phase compounds, can incorporate nearly 40 different metallic 
elements as the ternary component M. The Chevrel phase mate­
rials offer several advantages as model desulfurization cata­
lysts. First, they allow the examination of the catalytic 
activity of reduced molybdenum states. In conventional hydro-
desulfurization catalysts, the predominance of the Mo^* state 
of MoSg may obscure the presence of a catalytically important 
reduced molybdenum state (15), i.e., a formal molybdenum oxi­
dation state of less than +4. The (Thevrel phase compounds, 
having formal molybdenum oxidation states which can be contin­
uously varied between +2 and +2 2/3, allow direct preparation 
of reduced molybdenum oxidation states for catalytic activity 
and selectivity measurements. 
8 
Secondly, the Chevrel phase compounds allow the study of 
the role of various "promoter" elements on the hydrodesulfur-
ization process- These crystalline materials can incorporate 
nearly 40 different ternary "promoter" elements, including 
ones with little known catalytic chemistry—tin and lead for 
example. The M0S2 layer structure only permits direct inter­
calation of some alkali and alkaline earth elements (16), 
along with some limited incorporation of cobalt and nickel at 
unknown locations. Unlike the promoters of conventional cata­
lysts, the ternary components of the Chevrel phase compounds 
are incorporated at specific crystallographic sites in the 
structure. This allows for relatively straightforward and 
unambiguous characterization of these materials, a major ad­
vantage compared to the MoS2-based materials. 
Mechanism of thiophene hvdrodesulfurization 
The second objective of this research was to achieve a 
better understanding of the mechanism and reaction pathways 
for the hydrodesulfurization of thiophene. Again, despite 
intensive research efforts, the mechanism of thiophene desul-
furization is poorly understood. For example, it has been 
proposed that hydrogénation of the thiophene ring is necessary 
before sulfur-carbon bond breakage can occur (17), or that 
sulfur-carbon bond breakage occurs without ring hydrogénation 
(18). Alternatively, the mechanism has been interpreted as a 
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deliydrosulfurization process in which. H2S is removed by a p-
elimination mechanism (19). A consequence of this mechanism 
is that the hydrogen of the H2S must come directly from the 
thiophene. 
In this research, the mechanism of thiophene desulfuriza-
tion was studied by performing deuterium-thiophene exchange 
experiments. The use of deuterium (in place of protium) in 
the feedstock, allowed the extent of deuterium incorporation 
into both the nondesulfurized thiophene, and the thiophene 
desulfurization products of H2S and the hydrocarbons to be 
measured. These measurements provide mechanistic information. 
For example, if the hydrogen sulfide formed consists of pri­
marily H2S (rather than HDS or D2S), then the "hydrogen" in 
hydrogen sulfide must come directly from thiophene. This type 
of information constrains the possible reaction mechanisms. 
In addition, the tracer experiments were performed using 
selected MoS2-based catalysts and CJhevrel phase catalysts 
which emphasize different portions of the reaction pathways. 
For example, results are compared between catalysts with rela­
tively low and relatively high abilities to isomerize the 
butenes produced from thiophene desulfurization. In this 
manner, a rather direct probing of the reaction pathways was 
possible. 
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CHAPTER 2. REVIEW OF LITERATURE 
To best meet the needs of this dissertation, the perti­
nent literature has been divided into three areas. The first 
section reviews the literature of conventional supported and 
unsupported molybdenum-based hydrodesulfurization catalysts. 
The second section reviews the properties and structures of 
the Chevrel phase materials—the model catalysts investigated 
in this research. Finally, the third section reviews the 
various mechanisms of thiophene hydrodesulfurization which 
have been proposed in the literature. 
Conventional Hydrodesulfurization Catalysts 
Supported catalysts 
The oxide phase The most widely used hydrodesulfur­
ization catalysts are derived from alumina-supported oxides of 
cobalt and molybdenum (20). Traditionally referred to as 
cobalt molybdate catalysts, these materials are now known not 
to actually contain the compound CoMoO^ (cobalt molybdate). 
Since the addition of cobalt and nickel to the molybdenum 
catalysts increases the activity, cobalt and nickel are re­
ferred to as "promoters". 
The CoCNilMo/AlgOg catalysts are prepared by impregnating 
the alumina support with aqueous solutions of cobalt and mo­
lybdenum salts. Typical metal loadings are between 10 and 20 
weight percent. After drying, the materials are calcined in 
air (typically at 400-700°C), yielding a highly dispersed 
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oxldic phase of Mo*^ (21). The most common structural model 
of the oxidic catalysts assumes the existence of a two dimen­
sional monolayer of molybdenum dispersed on the support (22). 
This dispersed phase has alternatively been viewed as consist­
ing of small islands or rafts of molybdenum oxides (23). 
Cobalt is thought to reside in several different locations in 
the oxide catalyst: in the alumina matrix, as bulk Co^O^, and 
as being intimately associated with the molybdenum monolayer 
( 2 0 ) .  
The sulfide Phase In operation, the molybdenum oxides 
become reduced and sulfided; thus, it is the sulfided materi­
als which comprise the working catalyst. The structural 
transformation of the oxide to the sulfide has been explained 
in terms of several models. In the monolayer model of sul-
fiding (24), it is assumed that the oxygen in the molybdenum 
layer is partially replaced by sulfur. The monolayer config­
uration is thought to remain basically unchanged. In the 
intercalation model (25), the molybdenum layer is thought to 
breakup upon sulfiding, forming microcrystallites of M0S2. 
The cobalt responsible for the promotion is viewed as being 
"intercalated" at the edges of the M0S2 crystals. 
The reduction and sulfiding of the molybdenum oxide layer 
has been studied by a variety of techniques—all of which have 
established the existence of MoSg-like structures in the sul­
fided catalysts. For example, Zingg et aJ. (26) used x-ray 
photoelectron spectroscopy (XPS) to show that the initial Mo"*"® 
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oxides In a Mo/AlgOg catalyst were reduced to Mo^^ and 
oxides after treatment in at 500°C. Patterson et al. (27) 
sulfided oxidic CoMo/Al^Og catalysts in Hg/HgS emd Hg/thio-
phene mixtures at temperatures between 400 and 550°C. The 
molybdenum 3dgy2 binding energy was observed to shift to 
228.9 eV, attributed to the formation of M0S2. Schrader and 
Cheng (23, 28) reported the reduction and sulfiding of 
CoMo/AlgOg catalysts using in situ Raman spectroscopy. Reduc­
tion of the catalyst was observed at temperatures as low as 
250°C; formation of M0S2 dominated at temperatures near 400°C. 
Parham and Merrill (29) have studied the oxide and sul­
fide forms of CoMo/AlgOg catalysts using the extended x-ray 
absorption fine structure (EXAFS) technique. Results indicate 
the presence of a well-dispersed molybdenum oxide which is 
transformed into M0S2 crystallites upon sulfiding. These 
crystallites bc-come larger with increasing sulfiding tempera­
ture. Crystallite sizes of about 15 A were evident between 
300 emd 400°C. Further, Pollack et a2. (30) have identified 
the formation of M0S2 in used C0M0/AI2O2 catalysts by x-ray 
powder diffraction. 
Unsupported hvdrodesulfurization catalysts 
Numerous studies of unsupported hydrodesulfurization 
catalysts have also been performed. Researchers have attempt­
ed to use simpler, unsupported catalysts as models for 
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supported materials. Both MoSg and WSj are active hydrodesul-
furization catalysts with properties similar to supported 
catalysts. (See Furimsky (7) for a review.) The catalytic 
activities of MoSg and are also promoted by the presence 
of cobalt or nickel, with the maximum promotional effect oc­
curring for Co/Mo atomic ratios between 0.4 and 0.75 
MoS^ structure The anisotropic layer structure of 
M0S2 (and of isostructural MSg) is illustrated in Figure 2.1. 
Each molybdenum atom is coordinated to six sulfur atoms, which 
together form a centered, trigonal prism. These trigonal 
O = Sulfur 
= Molybdenum 
Figure 2.1. Structure of M0S2 
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prisms share edges, resulting in an infinite two dimensional 
layer. The layers are stacked and held together by the rela­
tively weak van der Waals forces between the sulfur atoms of 
adjacent layers. The edge surfaces and the basal plane sur­
faces (i.e., the "top" of the layers) have distinct geome­
tries. A basal plane surface is a nearly close-packed ar­
rangement of sulfur atoms, while the layer edges expose both 
sulfur and molybdenum atoms. 
In highly crystalline M0S2, the stacking of the layers is 
ordered. While there is little ordering of the layers for 
poorly-crystalline materials, long range order can exist with­
in a layer (31). The weak interlayer forces make M0S2 a good 
lubricant, and allows the intercaiation of alkali and alkaline 
earth elements between the layers (16). 
Preparation of unsupported catalysts Unsupported MoSg 
materials can be prepared by a variety of techniques, includ­
ing the direct combination of the elements (32), and the sul-
fiding of bulk molybdenum oxides (33). Poorly-crystalline 
MoS^ can be made from either the thermal decomposition of MoS^ 
(31) or ammonium thiomolybdate ((NH^igMoS^) (34), or a meta-
thetical reaction of MoCl^ and LiS2 (35). The crystallinity 
of these materials is increased (i.e., the ordering of the 
stacking of the layers is increased) with increasing treatment 
temperatures. Relatively long, high temperature (above 
1000°C) treatments are necessary to achieve highly crystalline 
materials by this approach. 
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Cobalt- (or nickel-) promoted, unsupported MoS^ materials 
can also be made by several techniques. Simple impregnation 
of M0S2 powder with cobalt nitrate solutions results in a 
catalytically promoted material, even though the Co/Mo atomic 
ratio is only about 10 ^ (14). Larger amounts of cobalt can 
be incorporated into the materials through the precipitation 
of sulfides from solutions of the oxides, using (NH^)2S as a 
sulfur source. Both a "co-maceration" technique (36), and a 
"homogeneous sulfide precipitation" technique (37) have been 
developed. Using the latter technique, large amounts of co­
balt can be directly associated with the M0S2 phase. For 
example, a material prepared with a Co/Mo ratio of 0.25 con­
tains 80% of the cobalt as the catalytically active Co-Mo-S 
phase, with only 20% as COgSg (37). 
Nature of the catalytically active phase 
Early models The active phase in hydrodesulfurization 
catalysis has been described by several different models. One 
of the first, the "intercalation" model was described by 
Voorhoeve et (38), based on electron spin resonance (ESR) 
studies of Ni-WS2 materials. Nickel (or cobalt) atoms were 
thought to occur at the edges of WS2 (M0S2) layers in octahe­
dral holes situated adjacent to tungsten (or molybdenum) ions. 
These intercalated atoms are believed to lead to the formation 
of single or dual exposed (Mo^^) ion sites at the edges of 
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the layers. These atoms were viewed as the active 
species. 
An alternate model of the active phase is the "contact 
synergism" model of Delmon (39). Here, the mere contact of a 
separate COgSg phase with a separate M0S2 phase is thought to 
lead to a synergism in catalytic activity. While the exact 
nature of this contact was not known, it has been proposed 
that spill-over hydrogen produced by COgSg exerts an effect of 
remote control on the active center of M0S2 (39). 
The Co-Mo-S Phase Recently, a Co-Mo-S (or Ni-Mo-S) 
phase has been identified in both supported and unsupported 
molybdenum hydrodesulfurization catalysts using Mossbauer 
emission spectroscopy (14). A linear relationship between the 
amount of cobalt of this Co-Mo-S phase and catalytic activity 
indicates that it is the catalytically active phase (40). In 
addition, the Mossbauer technique has identified three dis­
tinct cobalt containing phases; cobalt in the alumina lattice, 
cobalt in COgSg, and cobalt in Co-Mo-S. These distinct cobalt 
species of the sulfided catalysts have also been related to 
distinct species identified in the oxide (calcined) catalysts 
(41). High cobalt loadings result in CcyO^ in the oxide cata­
lyst, which is transformed into Co_So in the sulfided cata-y o 
lyst. A tetrahedrally coordinated cobalt species in the oxide 
becomes the cobalt of the Co-Mo-S phase in the sulfide. An 
octahedrally-like coordinated cobalt is that associated with 
the alumina lattice in both the oxide and sulfide catalyst. 
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Studies hj the techniques of O2 and NO chemisorption, 
infrared spectroscopy (IR), XPS, Mossbauer spectroscopy and 
EXAFS have allowed speculation as to the structure of this Co-
Mo-S phase (42). (NO was found to give distinct IR bands 
depending upon whether it was adsorbed on molybdenum or cobalt 
sites.) The Co-Mo-S phase is considered to be a MoS2-like 
material in which promoter atoms occupy crystallite edge posi­
tions, a view similar to the previously described intercala­
tion model. High catalytic activity is thought to involve 
materials possessing a highly dispersed MoSg-like phase having 
a large ratio of edge to basal plane areas, allowing the in­
corporation of large amounts of promoter atoms. 
Catalytic sites Intensive studies of hydrodesuifur-
ization catalysts have shown the existence of at least three 
different catalytic functions: hydrodesulfurization, hydrogén­
ation, and cracking (6). These three functions have different 
responses to such parameters as preparation conditions, pre-
treatment conditions, catalyst additives, different supports, 
and different poisons. For unsupported MoSg, these different 
functions have been ascribed to different surface sites, i.e., 
crystal edge sites and basal plane sites. For example, Tanaka 
and Okuhara (43) reported that (low temperature) hydrogénation 
and isomerization of olefins via alkyl intermediates occurs 
only on the edges of M0S2 layers; the basal plane has suffi­
cient protonic activity to isomerize isobutene through a car-
bonium ion mechanism. Furthermore, distinct edge sites were 
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postulated for hydrogénation and isomerization reactions. The 
selectivity of the various edge and planar sites was explained 
in geometrical and coordination terms. 
Similarly, for conventional supported Co(Ni)Mo/Al202 
catalysts, hydrogénation and hydrodesulfurization are also 
thought to occur at distinct sites. Massoth et (44) have 
proposed that hydrodesulfurization occurs at vacancies on 
corner sites of M0S2, while hydrogénation occurs at vacancies 
on edge sites. Alternatively, Candia et al. (45) have pro­
posed that the two distinct sites are unpromoted and cobalt-
or nickel-promoted molybdenum atoms. While the hydrogénation 
activity is thought to be about the same for either type of 
site, the promoted sites are thought to have much higher de-
sulfurization activity; thus, the latter activity is deter­
mined primarily by the concentration of these promoted sites. 
Role of reduced molybdenum states 
The role of reduced molybdenum oxidation states (less 
than +4) in hydrodesulfurization and hydrogénation has not 
been clearly established. Konings et al. (12) were able to 
correlate the intensity of the Mo"*"^ ESR signal with thiophene 
hydrodesulfurization activity for supported molybdenum and 
tungsten catalysts promoted with cobalt and nickel. Using XPS 
measurements on unsupported, sulfided Co-Mo catalysts, Delvaux 
et al. (36) detected a decrease in the molybdenum 3d binding 
energies for cobalt concentrations in the region corresponding 
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to the maximum promotional effect for thlophene hydrodesulfur­
ization. They postulated the existence of an active, reduced 
molybdenum species with a charge between +4 and +3. Duben has 
provided theoretical support (46) for the existence of an 
active Mo*^ species. Calculations Indicated that this species 
would be the most effective for carbon-sulfur bond breakage 
and would allow easy removal of the sulfur atom from the sur­
face In order to regenerate the original vacemcy. 
More recently, combined IR and probe molecule chemlsorp-
tlon studies have Indicated the presence of reduced molybdenum 
species in hydrodesulfurization catalysts. Valyon and Hall 
(15) studied the competitive adsorption of NO and O2 over 
reduced and sulf ided Mo/AlgOg catalyst s. Chemlsorptlon for 
both the reduced and sulf Ided catalysts was assumed to take 
+2 place on adjacent Mo centers. Interestingly, oxygen cheml-
jrptlon has been correlated with hydrodesulfurization activi­
ty for both supported (47) and unsupported (48), unpromoted 
MoSg-based materials. Similarly, site selective adsorption of 
carbon monoxide (as verified with IR) has Identified an active 
and proposed reduced molybdenum site for both Mo/AlgOg (49) 
and CoMo/AlgOg (50) catalysts. 
Alstrup et ai. (51) have postulated, using XPS measure­
ments, that the electronic state of cobalt In the Co-Mo-S 
phase Is similar to that In CoMOgS^, which contains Mo"*"^. 
However, Mossbauer emission spectroscopy results show that the 
two phases are structurally different. 
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Chevrel Phase Materials 
Introduction 
In 1971, Chevrel et al. (52) reported the initial synthe­
sis and characterization of the now extensive group of ternary 
molybdenum chalcogenides, referred to as "Chevrel phases". 
The unusual electrical properties of the Chevrel phases at­
tracted considerable attention—about half of the compounds 
are superconducting. The lead molybdenum sulfide, PbMOgSg, 
has a superconducting critical temperature T^ of about 15 K 
and an upper critical magnetic field of about 60 Tesla 
(53). Compounds containing magnetic rare-earth atoms have 
also been found to be superconducting, an unexpected result 
(54). Comprehensive reviews concerning (Thevrel phases have 
been authored by Yvon (55) and Chevrel and Sergent (56). 
The Chevrel phase compounds have a general formula 
M^MOgZg, where Z can be sulfur, selenium, or tellurium. The 
ternary component M can be any of nearly 40 metallic elements 
(see Table 2.1). In addition to the ternary compounds, the 
binary compounds are also known, for example MOgSg. Further, 
it is possible to partially substitute Nb, Ta, Re, Ru, and Rh 
for molybdenum in the molybdenum octahedra and to partially 
substitute CI, Br, I, and 0 for the chalcogenides. 
Classification The Chevrel phase compounds can be 
grouped into classes according to their structural properties. 
The differences in structural properties are caused by the 
valence state, and most importantly, the size of the ternary 
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Table 2.1. Sulfur Chevrel phases M^Mo^Sg 
Ternary components reported in the literature 
LI, Na, Mg, K, Ca, Sc, Cr, Mn, Co, Ni, Cu, 
Zn, Sr, 7, Pd, Ag, Cd, In, Sn, Ba, La, Pb, 
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
Lu, U, Np 
K-gamples of small cation compounds 
compositional ranges 
Cu^MOgSg 1.6 < X < 4 
Co^OgSg 1.32 < X < 2 
Ni^MOgSg 1.32 < X < 2 
Examples of intermediate cation compounds 
AgMOgSg 
InMOeSg 
Ryamples nf larcre cation compounds 
HOMOgSg 
PbMOgSg 
SnMOgSg 
data from reference 56 
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component atoms. The concentration range of ternary elements 
with "small" cations (e.g., Cu, Fe, Ni, Co) can be varied 
continuously within specific limits (e.g., 1.6 < x < 4.0 for 
Cu^MOgSg). These materials will be referred to as the small 
cation compounds. 
The concentration range of ternary elements with "large" 
cations (e.g.. Ho, Pb, Sn) is very small or nonexistent. (The 
thermally unstable mercury Chevrel phase Hg^MOgSg is an excep­
tion (57)). These materials will be referred to as the large 
cation compounds. Several compounds exist which exhibit 
structural properties intermediate between the large and small 
cation materials, e.g., AgMOgSg and InMo^Sg. These materials 
will be referred to as the intermediate cation materials. 
Structure of the.Chevrel phases 
Mo^Sq cluster The metal-rich character of Chevrel 
phases is exhibited in the psuedomolecular nature of the 
structure. The structural basis is the MOgSg building block 
(see Figure 2.2), consisting of a slightly distorted cube of 
sulfur atoms built around a distorted molybdenum octahedron 
which is elongated along the ternary axis. Situated slightly 
outside the face centers of the sulfur cube are the molybdenum 
atoms. The two sulfur atoms which lie on the ternary axis are 
distinct from the six other atoms in the sulfur cube; in 
MOgS^Brg, the two bromine atoms are at these special positions 
along the ternary axis. 
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t 
• Mo 
Figure 2.2. The Mo^Sg building block aligned along the 
The Mo-Mo bond distance in the octahedron is quite 
short—2.65-2.80 A, compared to 2.72 A for metallic molybde­
num. If the number of valence electrons in the Mog octahedra 
is increased by increasing the concentration of the ternary 
component or by using a ternary component of higher valence, 
the Mo-Mo intracluster bond distance decreases. The molybde­
num octahedron also becomes more regular and the unit cell 
becomes larger as the concentration of the ternary metal is 
increased. Table 2.2 summarizes the structural parameters of 
some representative Chevrel phase compounds. 
ternary axis (58) 
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Table 2.2. Chevrel phase structural parameters (56) 
ap^ 0^ Mo-Mo^ Mo-Mo® Mo-S^ M-Mo? 
MOgSg 6.43 91.34 797 2. 698 3. 084 2. 425 -
Small cation compounds 
6.50 94.93 815 2. 683 3. 237 2. 494 3. 03 
CUs.yMOgSa 6.60 95.58 848 2. 659 2. 681 2. 551 3. 07 
Nil 4M06S8 6.44 94.68 795 2. 698 3. 160 2. 445 2. 96 
6.59 94.78 813 2. 693 3. 221 2. 504 3. 01 
COl.6M°6S8 6.48 95.28 806 2. 687 3. 217 2. 494 3. 02 
Intermediate cation compounds 
AgMOgSg 6.48 91.97 815 2. 706 3. 154 2. 459 4. 23 
InMOgSg . 6.52 93.02 828 2. 702 3. 258 2. 529 3. 73 
Larcre cation compounds 
HoMOsSs 6.45 89.53 804 2. 659 3. 148 2. 562 4. 16 
PbMOgSg 6.54 89.45 838 2. 678 3. 267 2. 559 4. 21 
SnMo.Sf, 6.51 89.71 829 2. 688 3. 232 2. 550 4. 20 
^Rhombohedral lattice length (A). 
^Rhombohedral angle in degrees. 
^Rhombohedral unit cell volume (Â^). 
.^Shortest intracluster Mo-Mo distance (A). 
^Shortest intercluster Mo-Mo distance (A). 
^Shortest intercluster distance between a Mo atom of one 
unit and a sulfur atom of a neighboring MOgSg unit. 
^Shortest distance between a M atom and a Mo atom. 
25 
Mo^Sq arrangement The MOgSg units are stacked to form 
structures with rhombohedral or triclinlc geometries. Infi­
nite channels containing the ternary component run along the 
rhombohedral axes (see Figure 2.3). The rhombohedral angle is 
about 94-96° for the small cation compounds, and less than 90° 
for the large cation compounds. The rhombohedral angles of 
the intermediate cation compounds lie in between these values. 
For example, InMOgSg and AgMOgSg have rhombohedral angles of 
93.02° and 91.97°, respectively. 
The MOgSg units are interconnected by short, covalent 
molybdenum-sulfur bonds of 2.4-2.6 A. Since each unit is 
bonded to six other units through these bonds, a highly stable 
. structure results (58) The MOg clusters of the sulfide com­
pounds interact with each other through Mo-Mo intercluster 
bonds of 3.1-3.4 A. 
The structure can also be viewed as being composed of 
distorted cubes formed by the ternary component atoms; inside 
these cubes lie the MOgSg units (see Figure 2.4). In the 
large cation compounds, the cube corner positions are occupied 
by one ternary component atom, while In the small cation com­
pounds, up to four atoms can reside near the cube corners. 
Ternary atom delocalizatlon The ternary atoms lie in 
a distorted cube formed by eight sulfur atoms from eight dif­
ferent MOgSg units. The cube is contracted along the ternary 
a PbMogSg b CUy MOg Sg 
Figure 2.3. Chevrel phase structure projected on the hexagonal plane ( 11*50), 
Illustrating the arrangement of the ternary metal atoms In 
a) PbMOgSg, and b) Cu^^MOgSg (58) 
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axis. In the large cation compounds, the ternary atoms occupy 
a position at the center of the distorted sulfur cube (see 
Figure 2.5a). The thermal motion of the ternary atoms is 
highly anisotropic; there is a large motion perpendicular to 
the ternary axis, but very little motion parallel to the ter­
nary axis. Physically, this is Interpretated as the ternary 
atom being delocalized from the origin of the sulfur cube 
(55). This delocalization becomes larger as the cation be­
comes smaller, as does the distortion of the sulfur cube. In 
the intermediate cation material InMo^Sg, the indium atoms are 
located at one of six equivalent sites within the sulfur cube 
with an occupancy of 1/6 (see Figure 2.5b). In the small 
cation structures, the ternary atoms are viewed as partially 
Figure 2.4. The large cation CHievrel phase of SnMOgSg (54) 
b. c. 
Figure 2.5. Delocalization of ternary component in the sulfur cube of 
a) SnMOgSg, b) InMo^Sg, and c) Cu^Mo^Sg (56) 
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occupying (being delocalized within) two different sets of 
six-fold sites (see Figure 2.5c). 
These differences in the extent of delocalization mani­
fest themselves in varying degrees of ionic mobilities for the 
different classes of CJhevrel phase compounds. The ternary 
components of the small cation compounds have large ionic 
mobilities, while no ionic mobility is observed in the large 
cation compounds (59). Figure 2.6 shows the relationship 
between the extent of delocalization of the ternary atoms and 
the rhombohedral angle. The delocalization is defined as the 
root mean square amplitude of the thermal vibrations of the 
cation perpendicular to the ternary axis (55). As the ternary 
Cu 96* Co SMALL M atom* 
F* 
94" 
a 
I 92" 
90"-1 
. Sn 
Gd 
BIG M otoms 
DELOCALIZATION OF N (Z) 
Figure 2.6. The delocalization of the cation M as a function 
of the rhombohedral angle (56) 
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atoms become more delocallzed, the sulfur cube contracts (and 
becomes more distorted) along the direction of the ternary 
axis. This contraction spreads the rhombohedral axes apart; 
thus, the rhombohedral angle increases. 
Molybdenum oxidation state Compared to the dominant 
Mo"*"^ state of conventional hydrodesulfurization catalysts, 
molybdenum exists in a low oxidation state in the metal-rich 
Chevrel phases. For the sulfide phases, the formal oxidation 
state of molybdenum can be estimated by assuming a sulfur 
valence of -2. Then, for the MOgSg binary, molybdenum has a 
valence of +2 2/3. Introducing the ternary component into the 
structure decreases the molybdenum oxidation state by the 
transfer of electrons from the ternarycomponent cations to 
the molybdenum octahedron. For exemple, assuming a +1 copper 
valence, the molybdenum in Cu^ ^MOgSg has a +2 oxidation 
state. By varying the concentration of the ternary component, 
the formal molybdenum oxidation state may be varied continu­
ously between +2 and +2 2/3. 
Preparation of the Chevrel phases 
Most Chevrel phase compounds can be prepared directly by 
the high temperature, solid-state reaction of the elements or 
sulfides of the metallic components. The reactions are gener­
ally carried out in fused-silica tubes at temperatures between 
1000 and 1200°C (60). Improvements in purity have been 
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observed i>y high temperature (greater than 1700°C) meltings of 
the initial reaction products (60). The need for high purity 
starting materials and good preparation techniques is appar­
ent. For example, contamination of the Chevrel phases by 
oxygen can have a dramatic effect on electrical properties 
(61). Hinks et a^. (62) established with neutron diffraction 
that oxygen substitutes for sulfur in the special positions 
along the ternary axis. 
Some of the (Thevrel phase materials can be made by in­
serting the ternary component into the binary materials, 
MOgZg. For some of the compounds, HgMo^Sg (57) and TlMOgSg 
(63) for example, this is the only known route to the materi­
als. The MOgTeg and MOgSeg binaries can be prepared directly 
from the elements. Mo^Sg is thermally unstable, decomposing 
at about 400°C (64); therefore, it is necessary to prepare 
MOgSg by leaching out the ternary component of a small cation 
Chevrel phase (63). 
For the small cation compounds, a high degree of delocal-
izatlon (55) leads to large ionic conductivities of the terna­
ry component cations even at low temperatures (65). It is 
this property which allows the ternary component to be elec-
trochemlcally inserted into the binaries or removed from the 
ternary materials at room temperature (66), providing another 
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synthesis route. The small cation material Li^MOgSg can also 
be prepared by the action of n-butyl lithium on MogSg at room 
temperature (67). 
For the large cation compounds, the mobility of the ter­
nary component is small. It has not been found possible to 
electochemically insert or remove the ternary components in 
these materials (68). However, some large cation materials, 
PbMOgSg and SnMOgSg for example, have been successfully syn­
thesized by thermally inserting the ternary component into 
MOgSg. Moderately high temperatures (470°C) and long reaction 
times (1-3 weeks) were required to overcome the low mobility 
of the these large atoms in the structure (67). 
Aside from the above mentioned synthesis routes,a 
Li^MOgSg preparation involving the action of n-butyl lithium 
on MoSg (69), along with a preparation of Cu^MOgSg films by 
sputtering techniques (70) have been reported. 
Characterization of the Chevrel phases 
While the majority of structural information known about 
the Chevrel phase compounds has come from single-crystal x-ray 
diffraction studies (55), neutron diffraction has also been 
used to this end (62). X-ray powder diffraction techniques 
are most widely used to establish the purity of prepared mate­
rials (60). Compositional information has been obtained by 
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electron microprobe analysis (71, 72). Beyond the structural 
characterization of the Chevrel phases, only the electrical 
and magnetic properties have received much attention. These 
properties have been extensively studied by a variety of tech­
niques (see reference 73 for a review). For example, magnetic 
properties have been studied by such techniques as neutron 
diffraction (74) and neutron scattering (75). 
Other characterization techniques have been applied to 
several compounds. For example, the valence and delocaliza-
tlon of ytterbium in YbMOgSg has been investigated by 
Moasbauer measurements (76). The "apparent" peak positions of 
the Raman bands of Mo^Seg have been reported (77). No actual 
spectrum was exhibited. The decomposition of MOgSg in the 
laser beam prevented the acquisition of the Raman spectrum of 
this material. 
Catalytic properties of the Chevrel phases 
No reports of the catalytic properties of Chevrel phase 
materials have been found in the literature. 
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The Mechanism of Thiophene Hydrodesulfurization 
This section contains a review of the mechanisms and 
reaction pathways proposed in the literature for the hydrode­
sulfurization of thiophene—the most commonly studied, sulfur-
containing compound. While a better understanding of the 
structure of conventional hydrodesulfurization catalysts has 
been achieved in recent years, this is not the case for the 
mechanism of thiophene desulfurization. The literature is 
confusing and often contradictory. Here, some order will be 
attempted to be instilled, and the literature which relates 
most closely to the results obtained from this research proj­
ect will be emphasized. For organizational purposes, this 
reviewIs roughly divided into sections according to the tech­
nique used to study the thiophene reaction mechanism. 
Reactant-product distribution studies 
The use of different thiophene-related reactants and the 
analysis of the resulting distributions of desulfurized prod­
ucts has allowed speculations to be made about the thiophene 
hydrodesulfurization mechanism. 
Ambera mechanism In the early 1960s, Amberg amd co­
workers (18, 78, 79, 80, 81) studied the desulfurization of 
thiophene and related compounds over M0S2, C0M0/AI2O2, and 
chromia catalysts. No traces of butanethiol or tetrahydro-
thiophene were found in the thiophene desulfurization prod­
ucts. At low conversions, the presence of 1,3-butadiene was 
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Figure 2.7. Proposed reaction pathways of thiophene 
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detected, and l-butene was produced in excess of the thermody­
namic equilibrium distribution of the butene products— 
1-butene, cis-2-butene. and trans-2-butene. Amberg inter­
preted the butadiene formation as indicating that the hydrode-
sulfurization of thiophene proceeds without prior ring hydro­
génation through the direct hydrogenolysis of the sulfur-
carbon bond. Butadiene is produced as the initial reaction 
product and is considered to be rapidly hydrogenated in a 
stepwise manner to butene and finally to butane. This mecha­
nism, called the Ambera mechanism for the purposes of this 
discussion, is indicated by the a and b paths of Figure 2.7. 
In 1965, Kieran and Kemball (82) studied the desulfuriza-
tibn of thiophene over MbS2 andWS2. For M0S2, the butenes 
formed were not in thermodynamic equilibrium; 1-butene was in 
excess. From this, they inferred that 1-butene was the prin­
cipal primary product. For WS2» relatively more (saturated) 
n-butane was produced, aind the butene distribution was very 
close to the equilibrium values. These results, together with 
the ability of MS2 to exchange all of the hydrogen positions 
in thiophene lead to the conclusion that it is a better cata­
lyst than M0S2 for activating carbon-hydrogen bonds. 
Dehvdrosulfurization In 1969, Kolboe (19) studied the 
desulfurization of thiophene, tetrahydrothiophene, and butane-
thiol over M0S2' C0M0/AI2O2, and €^20^ catalysts. The product 
distributions of each of the 3 sulfur-containing reactants was 
different, suggesting "that thiophene ring hydrogénation or 
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tetrahydrothiophene ring dehydrogenatlon was not occurring, 
otherwise similar product distributions would be expected for 
the different reactants. Kolboe put forth a unique desulfur-
Izatlon mechanism—an Intramolecular dehvdrosulfurizatIon 
mechanism. Here, HjS is removed from the reactant molecule by 
an Intramolecular elimination process. 
The dehydrosulfurization mechanisms for thlophene, tetra-
hydrothiophene, and butanethiol are Illustrated in Figure 2.8. 
For thlophene, the hydrogen atoms at positions 3 and 4 are 
eliminated, forming a diacetylene molecule. Since, using 
alternate notation, these are the hydrogen atoms of the p 
carbon atoms, the process is referred to as a p-ellminatlon: 
1 
The diacetylene species was thought to be strongly adsorbed on 
the catalyst until it is hydrogenated to the observed prod­
ucts, and thus it would never be observed as a gas phase 
product. 
Dual path mechanism At higher partial pressures of 
hydrogen and lower temperatures, tetrahydrothlophene can be 
detected as a gas phase product of thlophene desulfurization 
(8). Devanneaux and Maurln (17) have modeled the desulfuriza­
tion of thlophene at 220°C and at hydrogen pressures between 2 
and 18 atmospheres as a dual path mechanism. One path 
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involves the hydrogénation of thiophene to tetrahydrothiophene 
which then undergoes desulfurization (paths ç and d of Figure 
2.7). The other path involves direct hydrogenolysis of the 
sulfur-carbon bond of thiophene without prior ring hydrogéna­
tion (path a of Figure 2.7). (This second path is that of the 
Amberg mechanism.) Low-pressure (atmospheric) experiments are 
generally carried out at high temperatures, close to 400°C. 
However, thiophene ring hydrogénation is thermodynamically 
favored only at low temperatures (18), explaining the lack of 
tetrahydrothiophene observed at higher reaction temperatures. 
For higher molecular weight thiophenes, the two path type 
desulfurization mechanism described above is more firmly es-
1ab1ished, though still subject to debate. For example, Daly 
(83) concluded that the desulfurization of benzothiophene 
could proceed through a direct carbon-sulfur bond breakage, or 
alternatively, only after previous ring hydrogénation. Simi­
lar conclusions were reached by Broderick and Gates (84) for 
dibenzothiophene hydrodesulfurization. In addition, Singhal 
et al. (85) have suggested that which pathway occurs depends 
on the structure of the sulfur-containing compound. When the 
electron density of a compound is localized on the sulfur 
atom, direct sulfur extrusion can occur; whereas, when the 
electron density is delocalized, hydrogénation can proceed 
carbon-sulfur bond breakage. 
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Kinetic studies 
Numerous extensive kinetic studies have been performed on 
the thiophene hydrodesulfurization reaction over C0M0/ÀI2O3 
catalysts. Vrinat has recently reviewed this body of work 
(8). The kinetic results have generally been fitted to 
Langmuir-Hinshe1wood type rate equations. For example, 
Satterfield and Roberts (86) modeled the rate of thiophene 
disappearance as; 
u + arP? + KgPg): 
where k is the rate constant, K the equilibrium adsorption 
constants, P the partial pressures, and the subscripts T,_^K, 
and S stand for thiophene, hydrogen, and hydrogen sulfide, 
respectively, Interpretated mechanistically, this expression 
implies a two-point adsorption (i.e., two contacts between 
thiophene and the surface) of thiophene in competition with 
H2S adsorption on one type of site, and hydrogen adsorption on 
a second type of site. The validity of this expression has 
been established by other researchers as well. (For example, 
see Morooka and Hamrin (87).) 
In experiments in which the partial pressure of hydrogen 
has been varied over a large enough range to allow determina­
tion of its explicit kinetic form, a term involving the inhi­
bition by hydrogen was necessary. For example, Lee and Butt 
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(88) have provided a modified Langmuir-Hinshelwood rate equa­
tion for thiophene hydrodesulfurization: 
HDS (1 + Kj.P^ + KgPg) + k" 
where k" is a temperature dependent constant. Interpreted 
mechanistically, this expression implies a one-point adsorp­
tion (i.e., one contact between thiophene and the surface) of 
thiophene and a noncompetitive adsorption of hydrogen and the 
sulfur-containing compounds. The constant k" represents the 
contribution of a weakly bound hydrogen species at low temper­
atures, and the increasing contribution of a more strongly 
bound hydrogen species at higher temperatures. 
Van Parys et aJ., (89) have recently proposed an interest­
ing modification of the above models which involves the inter-
conversion of hydrodesulfurization and hydrogénation sites 
through the action of H2 and H2S: 
HDS site + HgS HYD site + H2 
At low partial pressures of H^S, this model is less satisfac­
tory at reproducing experimental data than the above models 
with fixed number of sites. However, at higher partial pres­
sures of H2S, the interconverting site model approaches the 
fixed site model in reproducing experimental data. 
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Isotope tracer studies 
Much of the information which the proposed mechanisms of 
hydrodesulfurization are based upon has been obtained from 
studied the exchange reaction between thiophene (and tetrahy-
drothiophene) and deuterium over M0S2 and MS2 catalysts in a 
static reactor at temperatures between 155 and 265°C. At 
these temperatures, no decomposition of thiophene occurred. 
For WS2, all four of the thiophene hydrogen atoms were re­
placed by deuterium at the seime rate. For M0S2, emalysis by 
NMR showed that exchange was occurring primarily at the 2 and 
5 positions of the thiophene (a-exchange): 
The exchange was found to occur in a stepwise manner with the 
exchange of a single hydrogen atom at a time. 
The rate of exchange of the hydrogen atoms in tetrahydro-
thiophene was found to be slower over both catalysts than the 
exchange of hydrogen in thiophene. The temperature required 
to produce measurable exchainge rates also produced decomposi­
tion of the tetrahydrothiophene. 
35 isotope tracer experiments using deuterium or S. 
Deuterium-thiophene exchange Kieran and Kemball (82) 
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Pulsed deuterlxiin-th.ioph.ene exchange Smith, et (90) 
examined the deuterodesulfurization of thiophene and methyl-
suhstituted thiophenes over AlgOg, Mo/AlgOg, and CoMo/AlgO^ 
catalysts. The reactions were performed in the pulsed mode at 
temperatures between 150 and 400°C using deuterium as a 
carrier gas. No attempt was made to determine the conversion 
of the pulses or the identity of th.e desulfurized hydrocarbon 
products. Only the extent of deuterium-exchange in the 
nondesulfurized thiophenes was determined. The results were 
explained by employing three distinct types of thiophene 
exchange, the first two being random exchange and multiple 
exchange catalyzed by the AlgO^ support, and the third being 
ot-exchange catalyzed by molybdenum. Poisons (picoline and 
water) were found to have different effects on the different 
types of exchange. Using the results of other workers as to 
the effect of poisons on different types of sites, multiple 
exchange was related to hydrogenation/dehydrogenation activity 
and <x-exchange to desulfurization activity. 
The work of Smith et was extended by Behbahany et al. 
(91) who studied the pulsed flow deuterium-exchange of thio­
phene over a variety of laboratory synthesized and commercial 
Co/AlgOg, M0/AI2O2, and CoMo/AlgOg catalysts. The catalysts 
were exposed to a continuous flow of deuterium at 300°C before 
and after the thiophene pulses. Separate activity measure­
ments were made employing thiophene at 300°C in a continuous 
flow reactor system. For the molybdenum containing catalysts. 
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the amounts of thlophene containing 2 and 4 deuterium atoms 
were greater than that expected from random exchange alone. 
Except for the C0/AI2O2 catalysts, higher deuterium numbers 
were correlated with higher desulfurization activities. 
Thlophene deuterodesulfurization MiJcovsJcy et aj,. (92) 
followed the deuterium isomers of H2S produced from the 
deuterodesulfurization of thiophene over a commercial 
CoMo/AlgOg catalyst at 400 psig and temperatures between 288 
and 343°C in a flow reactor. Results were expressed as the 
atomic fraction of deuterium in the isomers of H2S, At 
16% thiophene conversion, no deuterium was found in H^ S  ( =  
0.0). Amazingly, at 76% conversion, only an average of 0.48 
deuterium atoms out of a possible value of 2 was found in the 
H^S isomers (q^ = 0.24). The authors interpreted this as 
supporting evidence for Kolboe's intramolecular dehydrosulfur­
ization mechanism (Figure 2.9), which would yield low g-values 
at low conversion, and increasing q-values with increasing 
conversion. The opposite trends would occur for a mechanism 
involving direct hydrogenolysis of the carbon-sulfur bond: 
high q-values at low conversion, and decreasing q-values with 
increasing conversion. 
Labeled thiophene Cowley (93) performed a closely 
related series of thiophene deuterodesulfurization experiments 
using commercial CoMo/AlgO^ catalysts in a flow reactor. At 
310°C, the H2S isomers produced contained between 0.43 and 
0.98 deuterium atoms at thiophene conversions indicated to be 
o 
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Figure 2.9. HgS formation following either the Amberg or Kolboe mechanism 
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about 5%. Most importantly, Cowley also examined the deutero-
desulfurization of deuterium labeled thiophene—2,5-dideutero-
thiophene. If the Kolboe ^-elimination mechanism is correct, 
then this labeling of the thiophene at the ot positions should 
have no influence on the amount of deuterium Incorporated into 
HgS (see Figure 2.9). However, the H2S produced from 2,5-
dideuterothiphene contained more deuterium than that produced 
from light thiophene. Cowley interpreted this as a repudia­
tion of the Kolboe dehydrosulfurizatlon mechanism and as sup­
porting the Amberg direct carbon-sulfur bond cleavage mecha­
nism. The hydrogen displaced from the 2 and 5 (a) positions 
of thiophene during thiophene exchange was viewed as the 
source of hydrogen in the HgS. At 310 C, the deuterium num­
bers (i.e., the average number of deuterium atoms per mole­
cule) of nondesulfurized light thiophene ranged from 1.89 to 
2.81, and the deuterium numbers of the lumped butene products 
ranged from 6.13 to 7.04. 
Static reactor deuterodesulfurizatlon Blake et al. 
(9) examined the deuterodesulfurizatlon of thiophene and deu-
teration of butadiene over unsupported MoSg catalysts. All 
measurements were performed in a static reactor. Both 
deuterium-exchange and desulfurizatlon of thiophene were fol­
lowed simultaneously. For thiophene desulfurizatlon at 320 to 
438°C and 2 to 40% conversion, typical hydrocarbon product 
distributions were 2% butadiene, 40% trans-2-butene. 30% cls-
2-butene, 23% 1-butene, and 5% butane. The yield of all of 
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the H^S isomers was about half of what was expected. Like 
Kieran and Kemball (82), deuterium-exchange of nondesulfurized 
thiophene was concentrated at the a positions. 
Each of the three hutene components formed contained the 
same distribution of deuterium. This was interpretated as 
indicating that each was formed by parallel routes without 
substantial Isomerizatlon. The calculated exchange patterns 
(I.e., the N-profiles î^ich are described in detail in Chapter 
5) for the butenes showed that "the majority of the butene was 
composed of molecules in which all eight 'hydrogen' atoms had 
come from the surface pool of chemisorbed H and D, and that 
the remainder consists of molecules with six and four 
'hydrogen' atoms that have so equilibratedThus, the origi­
nal protium atoms remaining from thiophene in the initially 
produced sulfur-free moiety were thought to undergo pairwlse 
exchfiuige during the succeeding hydrogénation steps. 
The isotopic distribution of the H2S liberated 
established that it was formed from a surface H-D pool of a 
different composition than the pool in which the butene was 
formed. Completely opposed to the flow reactor results of 
Mikovsky et , the H2S was found to contain almost no 
protium (deuterium number of 1.91, = 0.96). 
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À mechanism (illustrated in Figure 2.10) was proposed for 
the reaction of thiophene: 
1) À major fraction of adsorbed thiophene undergoes 
hydrogen-exchange and desorption with no chemical change. 
2) A smaller fraction of adsorbed thiophene undergoes 
desulfurization before hydrogénation of the resulting hydro­
carbon moiety to butadiene and butene. 
3) A minority of the adsorbed thiophene undergoes hydro­
génation before desulfurization to give butane via an interme­
diate common to butanethiol hydrodesulfurization. 
Butadiene deuteration over M0S2 gave all three n-butenes 
as initial reaction products and each n-butene had the same 
distribution of deuterium. Butane yieldswereless than 0.5% 
even at high conversion levels. Catalyst history was found to 
affect the distribution of the butene components and the 
deuterium-exchange patterns. Fresh MoSg gave a distribution 
with trans-2-butene > 1-butene > cis.-2-butene. Aged (well-
used) M0S2 gave a product distribution with 1-butene > trans-
2-butene > cis-2-butene and a pairwise exchange of hydrogen 
was indicated. The similarity in the deuterium-exchange pat­
terns of the butenes produced from both thiophene desulfuriza­
tion and butadiene hydrogénation over aged MoSg catalysts 
suggested a common intermediate for the two processes. (See 
Block D of Figure 2.10.) 
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Tetrahvdrothlophene The 1980 work of Blake et al. (9) 
was extended by studying the deuterodesulfurization of 
tetrahydrothiophene (94). Activities for tetrahydrothiophene 
desulfurization over MoSg catalysts were found to be 4 to 10 
times greater than those for thiophene hydrodesulfurization, 
but less than those of butadiene hydrogénation. At 420°C, the 
major desulfurization products were propadiene and butadiene, 
with lesser amounts of propene and propane, and a non-
equilibrium distribution of n-butenes. Small amounts of thio­
phene were also formed. There was almost a complete absence 
of deuterium-exchange in tetrahydrothiophene; therefore, it 
was thought to be dissociatively chemisorbed. 
The deuteriiM-exchange data was explained using a desul­
furization mechanism with two pathways (see Figure 2.11). In 
the first pathway, adsorbed tetrahydrothiophene loses sulfur 
to form C^Hg (ads.). This species can undergo carbon-carbon 
bond cleavage to form propadiene (with little accompanying 
deuterium-exchange) or dehydrogenation to form butadiene, C^Hg 
(ads.). The butadiene species undergoes hydrogen-exchange, 
hydrogénation, and desorption in a protium-rich hydrogen pool 
to eventually give partially deuterated butadiene and butene. 
The second pathway involves dehydrogenation of tetrahy­
drothiophene to give adsorbed thiophene, which loses sulfur to 
give adsorbed butadiene. This species is thought to undergo 
rapid, complete exchange of hydrogen in a deuterium-rich pool 
to give perdeuterated butadiene and butene. The authors again 
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again utilized the concept of two separate hydrogen pools. 
Sulfur labeling Cachet et aJ. (10) conducted an in­
teresting experiment which followed the history of the sulfur 
of a working hydrodesulfurizatlon catalyst using radioactive 
35 S as a tracer. À commercial C0M0/AI2O2 catalyst was sul-
fided at 400°C with a 15% mixture of radioactively labeled H2S 
in H2 for one hour, and was then cooled to room temperature 
under the flow of the sulfidlng mixture. The catalyst was 
then pretreated at either 240, 300, 350, or 400°C in pure 
hydrogen before dibenzothlophene was hydrodesulfurized in a 
flow reactor. 
For the first half an hour of dibenzothlophene reaction 
of the catalyst which has been pretreated with hydrogen at 
240°C, all the H2S found in the outlet gas was the radioac­
tively labeled material and all of the sulfur removed from 
dibenzothlophene was retained by the catalyst. Gradually, the 
sulfur present from the sulfidlng pretreatment was replaced by 
the sulfur of dibenzothlophene. 
"Regarding the mechanistic aspect of the reaction," the 
authors concluded, "the sulfur of the dibenzothlophene mole­
cule is not directly released as H2S, but first is fixed on 
the catalyst, probably on an anion vacancy. At the same time, 
it is a sulfur atom of the catalyst (probably adjacent to the 
new fixed sulfur) which is removed as H2S. So there is a kind 
of turn-over between a number of sulfur atoms of the catalyst 
and the sulfur atoms coming from the dibenzothlophene 
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molecules." 
For the catalyst pretreated at 400°C in hydrogen, little 
of the radioactive pretreatment sulfur was removed during the 
desulfurization reaction. However, for the first one hour of 
reaction, almost no H2S was released into the outlet gas 
stream. I.e., the catalyst adsorbed and retained the sulfur of 
the dibenzothiophene. The authors concluded that the sulfur 
of the catalyst is composed of a fixed part (which does not 
participate directly in the catalytic process) and a labile 
part comprising about 20 weight % of the total sulfur content. 
This labile fraction is progressively replaced during the 
reaction. In the high temperature pretreatments in hydrogen, 
the majority of the labile sulfur is removed, only to be re­
plenished under the hydrodesulfurization conditions. 
Vladov et al. (95) have recently provided theoretical 
support for the retention emd (thus) turnover of sulfur on the 
catalyst surface under reaction conditions. Calculations 
indicated that the sulfur atom from the sulfur-containing feed 
remains on the catalyst, whereas a neighboring sulfur atom of 
the catalyst desorbs as H2S to regenerate the anion vacancy 
site. 
Ramachandran and Massoth (96), using temperature pro­
grammed desorption techniques and CoMo/AlgOg catalysts, also 
have provided insight into the retention of sulfur on the 
surface of hydrodesulfurization catalysts. Only thiophene and 
butene—no —was desorbed into a helium stream from a 
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catalyst containing preadsorbed thiophene. Subsequent temper­
ature programmed reduction in a H2 stream was necessary to 
observe HgS. Two modes of H2S adsorption were indicated, the 
first being simple adsorption-desorption, and the second being 
dissociative adsorption with release of H2. 
In situ spectroscopy studies 
In situ infrared spectroscopy (IR) has been used to exam­
ine the mechanism of thiophene hydrodesulfurization. In 1962, 
Nicholson (97) examined the adsorption of thiophene on calcium 
fluoride plates coated with Mo/AlgOg, MoSg/AlgOg, and unpro-
moted and cobalt-promoted MoSg. Three distinct bands were 
ascribed to three different modes of thiophene adsbrptiori: a 
one-point contact through the sulfur atom of thiophene (I), a 
two-point adsorption (II), and a 4-point adsorption (III). 
Nicholson concluded that the 4-point species was the active 
species of thiophene desulfurization. 
* 
(I) (II) (III) 
In 1970, Ratnasamy and Fripiat (11) investigated the 
adsorption and decomposition of thiophene, ethanethiol, water. 
54 
and hydrogen on films of M0S2 and GeSg with the IR technique. 
The adsorption of hydrogen produced sulfur-hydrogen stretching 
vibrations. Thiophene was thought to he adsorbed as either a 
2 or 4-point attachment species. Upon heating, chemisorbed 
thiophene was transformed into butene and into acetylenic and 
vinyledenic radicals. 
Composite mechanisms 
Several composite thiophene hydrodesulfurization mecha­
nisms have been proposed in the literature which satisfy the 
experimental results of numerous researchers. These composite 
mechanisms describe not only the reaction pathways of thio­
phene, but also detail the surf ace state of the catalyst 
throughout the desulfurization cycle. 
One-point adsorption Until recently, the most dis­
cussed composite model was the one-point, "end-on" adsorption 
mechanism (98). As illustrated in Figure 2.12, the mechanism 
includes the following steps; 
1) Adsorption of thiophene and the coordination of the 
sulfur atom of thiophene with a surface molybdenum ion at the 
site of an anion vacancy. 
2) Two hydrogen atoms are transferred from adjacent Mo-
OH(SH) groups, breaking the carbon-sulfur bonds of thiophene. 
3) The 1,3-butadiene formed is desorbed and further 
hydrogenated on the same or different sites. 
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4) The original catalytic site is restored by the action 
of hydrogen and the desorption of a H2S molecule. 
However, the one-point "end-on" model fails to adequately 
explain the relative reactivities of methyl-substituted thio-
phenes and dibenzothiophenes. For example, the reactivity of 
4,6-dimethlydibenzothiophene is about 10 times less them di-
benzothiophene, but only about 2 times less than 4-methyldi-
benzothiophene (99). If the "end-on" model was valid, methyl 
substitutions at the 4 and 6 positions should create a large 
steric hindrance effect. Based on studies of model steric 
hindrance, the rate of hydrodesulfurization of 4,6-dimethyldi-
benzothiophene should be several orders of magnitude less than 
dibenzothiophene (100). 
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Figure 2.12. One-point mechanism of thiophene 
hydrodesulfurization (100) 
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furization according to multipoint mechanism 
(100) 
Figure 2.14. Sulfur-carbon bond cleavage in thiophene ac­
cording to multipoint mechanism (100) 
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Multipoint adsorption Kwart ^  (100) proposed a 
multipoint adsorption model (see Figure 2.13) which accounts 
for the observed data. Here, the carbons in thiophene at 
positions a and p to the sulfur coordinate with molybdenum at 
an amion vacancy site. This coordination results in a loss of 
electron density in the thiophene ring, making its sulfur atom 
electron deficient. The thiophenic sulfur then bonds with a 
surface sulfur atom of high electron density. Addition of 
hydrogen to the molybdenum coordinated a carbon can lead to 
rupture of the sulfur-carbon bond (Figure 2.14). If hydrogen 
is added to both the a and g carbons in a concerted process, 
the resulting hydrothiophene can cleave its sulfur-carbon bond 
by a thermaT p-elimination (Figure 2.13) . Figure 2.13 shows 
the process of simultaneous deuterium-exchange (a-exchcuige is 
Illustrated) and hydrodesulfurizatlon. The mechanism allows 
both (X and p-hydrogen exchange. 
58 
CHAPTER 3. EXPERIMENTAL PROCEDURE AND EQUIPMENT 
This chapter contains the details of the experimental 
procedures and equipment used in performing this research. 
The first section describes the preparation of the catalysts 
studied, while the second section outlines the characteriza­
tion of the catalysts. The third section describes the cata­
lytic activity measurements, while the fourth section outlines 
the deuterium-thiophene exchange measurements. 
Preparation of Catalysts 
General procedures 
Except for the model MoSg catalysts (see page 63), all 
materials were s^thësizëd in clear,fused-silica tubes which 
had been previously outgassed by heating to a white heat using 
a natural gas-oxygen torch. All weighings were done to within 
+0.2 milligrams with a Mettler model AE160 electronic 
analytical balance. The tubes were then evacuated overnight 
(or a minimum of 6 hours) to a vacuum of better than 1*10~^ 
torr using an all glass vacuum system consisting of a Varian 
model M2 oil diffusion pump and a Sargent-Welch model 1402 
roughing pump. For samples which were to be heated to 1200°C 
or above, the tubes were backfilled with argon gas (99.99%) at 
room temperature to a pressure which would produce 1 atmo­
sphere of pressure at the synthesis temperature. This was 
necessary to prevent the collapse of the tube. Then, either 
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the argon backfilled or evacuated tubes were sealed off and 
placed in a furnace. 
Low temperature heatings were done in either a Central 
Scientific muffle furnace (model Hoskins FD202C), or a Lind-
berg 1200°C tube furnace (model 54231) controlled by a Lind-
berg digital temperature controller (model 59344). High tem­
perature heatings were done in a Lindberg 1500°C box furnace 
(model 51333) controlled by a Lindberg digital temperature 
controller (model 59545). 
When necessary, reaction materials were pressed into 
pellets with 10,000 lbs of total pressure in a 13 mm die 
(Perkin Elmer model 186-0025). 
(Thevrel phase catalysts 
The Chevrel phase catalysts were prepared from mixtures 
of: M02 ogSg: powdered molybdenum metal; and sulfides of the 
ternary component. Table 3.1 provides a summary of the mate­
rials and conditions used in the preparation of the ternary 
component sulfides, M^S. Whenever possible, the pure metals 
were either chemically or physically etched to remove surface 
contaminants. 
M02 06^3 synthesized by thoroughly mixing stoichio­
metric quantities of 200 mesh powdered molybdenum and powdered 
sulfur. The 6 grams of reactants was then pressed into pel­
lets, which were sealed in an argon backfilled 15 mm O.D. 
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Table 3.1. Preparation of ternary component sulfides 
Sulfide Metal 
vendor 
Sulfur 
vendor 
Prep, 
temp. 
Cooling 
cond. 
PbS 
SnS 
A92S 
In2S 
CU2S 
Ames Lab rare-earth 
group 
Alfa 9.5mm rod 
m5N+ 
Alfa Puratronic 6mm 
rod m4N85 
Alfa Puratronic 7mm 
rod t5N5 
Alfa ingot m5N5 
Baker 4-8 mesh shot 
99.9% 
Fisher 900 C quenched in 
air 
Alfa^ 400°C slow cooling 
Alfa 650 C slow cooling 
Alfa 570 C slow cooling 
Alfa 750 C slow cooling 
Alfa 700°C slow cooling 
F e S A l f a  r a n d o m  l u m p s  
mSNS 
NiS Alfa 0,38mm wire 
m3N7 
Cos Alfa 100 mesh powder 
m2N8 
Fisher 880 C slow cooling 
Alfa 900 C slow cooling 
Fisher 700 C quenched in 
air 
^Fisher laboratory grade, sublimed. 
^Alfa products random pieces, t5N5. 
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fused-silica tube, which in turn was sealed in an 18 am O.D. 
argon backfilled fused-silica tube. The tubes were placed in 
a low temperature muffle furnace at 600°C for 2.5 minutes and 
were then quickly transferred to a high temperature muffle 
furnace at 1350°C. After 48 hours, the tubes were quenched 
from 1350°C to room temperature in air. 
The powdered molybdenum metal (Alfa Products, m3n+, t2n7) 
used in the MOg o6^3 Chevrel phase syntheses was reduced 
in a stream of dry hydrogen at 1000°C for 18 hours to elimi­
nate any contamination by oxides of molybdenum. The powdered 
molybdenum was contained in a molybdenum metal boat, placed 
inside a fused-silica calcining tube, which was heated in a 
Lindberg tube furnace. After the hydrogen pùrificatidh, the 
molybdenum was then stored in a desiccator and used for a 
period of one week, at which time it was repurified. 
The Chevrel phase compounds were made in 6 to 8 gram 
quantities. The reactauit powders were thoroughly ground to­
gether, pressed into 2 to 3 pellets, and heated in sealed, 
fused-silica tubes for 24 to 48 hours at temperatures between 
1000°C and 1200°C before quenching in air. The PbMo^ 2^8' 
SnMOg gSg' AgMog 2^8' InMOg 2Sg materials were then ground 
in air, repressed into pellets, and reheated at temperatures 
between 1100°C and 1200°C for 12 hours. Table 3.2 describes 
the reaction conditions of the compounds prepared in this 
study. All compositions given are nominal. After the final 
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Table 3.2. Preparation conditions of Chevrel phase catalysts 
Catalyst - 1st heating 2nd heating 
"°1.2^°6^8 (2nd prep.) 24 hr 1225°C 
_ a 
^°1.2^°6^8 (3rd prep.) 24 hr 1200°C -
PMO6.2S8 24 hr 1100°C 12 hr 1200°C 
^^.92^°6®8 24 hr 1200°C -
SnMOg 2^8 24 hr 1100°C 12 hr 1100°C 
3*1.2*0688 24 hr 1200°C -
SnMOgSg 24 hr 1200°C -
A9M06.2S8 24 hr 1100°C 12 hr 1100°C 
™°6.2S8 24 hr 1000°C 12 hr 1100°C 
^'^3.2*°6®8 24 hr 1200°C -
*^^3. 8^°6®8 - 24 hr 1225°C -
^®1.5'^°6®8 24 hr 1200°C -
^^1.6^°6^8 24 hr 1200°C -
^°1.5^°6®8 48 hr 1200°C -
^°1.6^°6®8 48 hr 1200°C -
COi yMOeSs 48 hr 1200°C -
^°1.8^°6^8 48 hr 1200°C -
Co, -Mo^Sp 48 hr 1200°C -
^No second heating performed. 
63 
heating, all synthesis tubes were opened in a nitrogen dry 
box, and the Chevrel phase pellets were lightly crushed. The 
40-100 mesh portion was separated for use in the activity and 
physical characterization measurements. 
For the Ho^ (3rd prep.), PbMOg 2®8' 2^8' 
SnMogSg, AgMOg 2^8' InMOg 2^3 materials, all manipulations 
of the catalysts were performed in the dry box; other materi­
als were stored in a desiccator in air for several days before 
the activity measurements were performed. 
MoS^ Phase catalysts 
Representative unpromoted and cobalt-promoted MoSg cata-
lysts were prepared in order to have "conventional" materials 
for comparison with the Chevrel phase compounds. 
Unpromoted MoS. catalysts A series of unpromoted, 
poorly-crystalline MoSg catalysts was prepared by the thermal 
decomposition of ammonium thiomolybdate (31). The ammonium 
thiomolybdate was prepared by dissolving 40 grams of 
(NH^)gMOy02^*4H20 in a solution of 100 ml of water and 400 ml 
of concentrated ammonium hydroxide. H2S was then bubbled 
through the solution, resulting in the precipitation of the 
thiomolybdate. The red precipitate was filtered, washed with 
water and 95% ethanol, and dried at 70°C in a vacuum oven. 
Ten gram quantities of ammonium thiomolybdate were placed 
in a fused-silica boat inside a fused-silica calcining tube. 
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Under a flow of dry helium, the tube was heated from room 
temperature to the decomposition temperature, where It was 
held for 6 hours. Portions of ammonium thlomolybdate were 
decomposed at 450, 550, 650, 800, 1000°C, resulting in poorly-
crystalline MoSg materials, which are identified by their 
preparation temperature. For example, the label 1000°C M0S2 
refers to the material prepared at 1000°C. 
Cobalt-promoted MoS. catalyst A cobalt-promoted M0S2 
catalyst was synthesized by the homogeneous precipitation 
technique of Candia et al. (37). A solution, prepared by 
dissolving 3.52 grams of CoCNOg)^'6H2O and 8.53 grams of 
(NH^)gMo^02^* 4H2O in 225 ml of water, was heated to 60-70°C, 
ajid added to 100 ml of 60-76°C ( NH^ ) 2S (101) with vigorous 
stirring. The resulting black solution was evaporated to 
dryness at 60-70°C. The resulting black precipitate was heat­
ed from room temperature to 450°C over a 2 1/2 hour period in 
a stream of 2% H2S in H2, held at 450°C for 4 hours, cooled to 
room temperature, emd purged with helium. This material, 
prepared with an atomic cobalt to molybdenum ratio of 1 to 4, 
will be referred to as Co 25-Mo^-S. 
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Catalyst Characterization 
X-rav powder diffraction 
X-ray powder diffraction patterns were obtained on a 
Siemens D500 diffractometer using copper radiation. Sam­
ples were prepared by impregnating both sides of double-sided 
adhesive tape with a finely ground portion of the material. 
This method produced peak heights of the same intensity and 
background counts nearly as low of those obtained from a 
packed cell. The diffractometer was interfaced to a Digital 
Equipment Corporation PDF 11/23 computer using Siemens Dif­
fract V version 2.0 software (102). The powder patterns were 
obtained using a 0.04 20 step size with counting times of one 
second,except for the Co 25-MOi~S sample for which a two 
second counting time was used. 
Laser Raman spectroscopy 
Laser Raman spectra were obtained using a Spex model 1403 
double monochromator equipped with middle slits, a model 1459 
sample illuminator, and a model 1460 lasermate (to remove 
spurious laser lines). The excitation source was the 514.5 nm 
line of a Spectra Physics model 164 argon ion laser operated 
at 200 mW, as measured at the source. Photon counting tech­
niques were employed. Raman spectra were obtained in the 
backscattering geometry using 13 mm diameter spinning pellets 
made with a Perkin Elmer die (model 186-0025) compressed with 
10,000 lbs of total force. The surfaces of any "shiny" 
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pellets were dulled by lightly roughening them with a cotton 
swab. 
The following procedure was used to align the collection 
optics. First, the Spex model 1459 illuminator and the Spez 
model 1423A 180° viewing (bacJcscattering) platform were 
— 1 
aligned to obtain the maximum intensity from the 936 cm 
Raman band of a non-spinning pellet of cobalt molybdate 
(CoMoO^). This alignment produced a sharp, line-shaped image 
on the entrance slits of the monochromator. This image could 
be viewed on the sample image target in the illuminator using 
the illuminator's swingaway mirror. Next, the stationary 
pellet support of the backscattering platform was carefully 
removed and a spinning pellet of the sample was lowered(ver­
tically) toward the pierced mirror of the backscattering plat­
form until the image on the illuminator's sample image target 
was brought into focus. The pellet spinner, operated at about 
2000 rpm, was supported and manipulated by a NEC model 400 
dual axis translation stage attached to a NRC model 410 verti­
cal height mounting assembly. This alignment procedure was 
quite reproducible and allowed one to obtain spectra of mate­
rials which had no Raman bands themselves which were strong 
enough to align upon. The use of the spinning pellet tech­
nique for the Chevrel phase compounds was necessary since 
spectra obtained from non-spinning pellets showed the presence 
of large amounts of MoSg, evidently formed by a thermal or 
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photo decomposition of the Chevrel phase materials. 
Signal averaging was performed by a Nicolet 1180E comput­
er system. Unless otherwise specified, all spectra represent 
50 scans at 2 cm~^/s and with 5 cm~^ resolution. The middle 
slits were closed to 1000 microns to reduce the intensity of 
the Rayleigh line. 
X-rav photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) analysis was per­
formed on a AEI 200B spectrometer using aluminum radiation. 
Signal averaging was performed using a Nicolet 1180 computer 
system. Samples were mounted on double-sided adhesive tape, 
and all binding energies are referenced to a carbon Is binding 
energy of 284.6 eV. 
In order to avoid air oxidation, both the catalyst prepa­
ration tubes and the reactor were opened in a nitrogen dry 
bosc; portions of the samples were sealed in pyrex tubes which 
were then opened in a helium dry box attached directly to the 
spectrometer. Spectra of the fresh catalysts were obtained 
either from the powder of a freshly ground chunk of sample or 
from a 40-100 mesh portion of material with no further grind­
ing (for Ho^ (3rd prep.), PbMOg 2^8' SnMOg 2^8' 
AgMOg 2^8' InMOg materials). For this latter group of 
materials, the samples for XPS analysis were sealed in pyrex 
tubes at the seme time the reactor was loaded in the dry box 
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for the hydrodesulfurizatlon activity measurements. Spectra 
of the used catalysts were obtained from the 40-100 mesh reac­
tor charge with no further grinding. Raw peak areas were 
digitally integrated with no attempt made to correct for in­
strumental or atomic sensitivity factors. Also, no attempt 
was made to remove the area due to the sulfur 2s peak from the 
lower binding energy side of the molybdenum 3d doublet. 
BET surface area 
The surface areas of the catalysts were determined by the 
BET method using a Micromeritics 2100E Accusorb instrument 
employing krypton as an adsorbate at liquid nitrogen tempera­
tures.Krypton adsorption allows the accurate determination 
of the surface areas of low surface area materials (103). 
Samples were outgassed at approximately 120°C overnight before 
analysis. Surface areas were calculated from the adsorption 
data using a linear least squares fitting program. Least 
squares fit parameters between 0.9998 and 1.0000 were usually 
2 
obtained. A krypton atomic adsorption area of 21.0 A per 
krypton atom was assumed. 
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Catalytic Activity Measurements 
Reactor design and equipment 
The activity measurements were performed in a micro 
fixed-bed reactor which could be operated in either a pulsed 
or continuous flow mode. The reactor system is illustrated 
schematically in Figure 3.1, while Table 3.3 gives details of 
the equipment and manufacturers. Table 3.4 lists the sources 
of the feed components. The msuiifold system of 3-way valves 
allowed both the selection of any combination of four feed 
gases (hydrogen, helium, 1-butene, and hydrogen sulfide) and 
the purging of the manifold dead volumes with the currently 
desired mixture. All gases were metered through electronic 
mass flow controllers. Helium and hydrogen were purifled by 
passage through copper traps for oxygen removal and by passage 
though 4 A molecular sieve traps for drying. 1-Butene and 
hydrogen sulfide were dried using 3 A molecular sieve traps. 
Thiophene was vaporized into the gas mixture by injecting 
it into a heated saturator using a 1 ml syringe and a syringe 
pump. The saturator, maintained at 110°C, consisted of a 1/4" 
stainless steel tube packed with glass spheres. The thiophene 
was subjected to several freeze-thaw cycles and was then dried 
over a 4 A molecular sieve before use. 
A system of three G.C. sampling type valves allowed ei­
ther a continuous flow of the feed to be put through the reac­
tor, or pulses of the feed to be Introduced into the helium 
carrier gas, which continuously flowed through the reactor. 
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1 r 
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Figure 3.1. Schematic diagram of reactor and feed system 
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Teible 3.3. Reactor equipment 
Tylan FC-260 mass flow controllers 
Matheson series 7600 rotameters 
Matheson model 6184 T4FF filters 
Whitey 3-way valves; SS-41XS2, SS-42XS4 
Whitey 2-way valves: SS-42S4 
ValCO G.C. sampling valves; 4 port, 6 port, 10 port 
Sage model 341 syringe pump 
Hamilton gas tight syringe model 1001 TLL 1 ml 
Omega model 4002 Type K temp, controller (reactor furnace) 
Omega model 49 Type K temp, controller (valve oven) 
Omega model 199 Type K digital thermometer 
Antex 310/40 ALP gas chromâtograph 
Hewlett Packard model 3390A digital integrator 
Lindberg type KSP semi-cylindrical heating elements 1.5" by 8" 
(reactor furnace) 
Table 3.4. Feed components 
Hydrogen: Air Products Zero grade (99.997%) 
Helium: high purity (99.997%) or Air Products Zero grade 
(99.997%, < 0.5 ppm THC) 
1-Butene; Matheson c.p. (99.0%) 
Hydrogen sulfide; Matheson c.p. (99.5%) 
Air: Air Products Zero grade (< 1 ppm THC) 
Thiophene: Alfa (99%) 
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Switching between these two modes without interruption was 
accomplished by switching the 10 port valve. The reactor 
could be isolated from the feed system by switching the 4 port 
valve. This allowed the analysis of the feed composition by 
bypassing the reactor. With the reactor so isolated, the 4 
port valve and the attached reactor could be removed from the 
rest of the feed system, allowing the loading and unloading of 
the reactor in the nitrogen dry box without exposure of the 
catalyst to air. Sampling of the reactor in the continuous 
flow mode, or introduction of a pulse of the reactants to the 
reactor in the pulsed flow mode, was accomplished by switching 
the 6 port valve. 
Stainless steel reactor The reactor (see Figure 3.2a) 
consisted of a 1/4" O.D. type 304 stainless steel tube at­
tached to 1/8" O.p. type 304 stainless steel tubing with 
Swage1ok reducing unions. The catalyst was held in place 
between 400 mesh stainless steel screens. Small quantities of 
catalyst were further supported on a flat pad of quartz wool. 
The empty stainless steel reactor, under the conditions 
outlined on page 74, gave a 0.06% conversion of thiophene to 
hydrocarbons at 400°C. This value, as well as all of the 
thiophene conversions obtained from the stainless steel 
reactor, neglects the hydrocarbons and isobutene products. 
(See Appendix À for the details of the activity calculations.) 
Under the pulsed hydrogénation conditions outlined on page 76, 
pulses of 1-butene which had been put through the empty 
„1 
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tube 
catalyst 
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Vq S.S. tube S.S. tube 
6 mm quartz 
tube catalyst 
bed to 
a. b. 
Figure 3.2. Illustration of reactors s a) micro stainless steel reactor of activity 
measurements, b) micro fused-silica reactor of D2-thiophene exchange 
experiments 
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reactor at 400°C contained 0.03% n-butane. Approximately one 
third of this n-butane (0.01%) was due to n-butane contamina­
tion of the 1-butene feed. The feed contained approximately 
0.01% cls-2-butene as well. The empty reactor exhibited some 
ability to isomerize 1-butene to the 2-butenes—1.41% and 
0.59% of the 1-butene pulses were converted to trans-2-butene 
and cis-2-butene, respectively. 
Product separation Separation and analysis of the 
desulfurization and hydrogénation reaction products was per­
formed using a 12 ft n-octane/porasll C column, a flame ioni­
zation detector (FID), and a digital integrator. The column 
was temperature programmed from 50°C to 120°C. While this 
column gave a relatively fast, one column separation of the 
reaction products, it did not separate trans-2-butene from 
1,3-butadiene. Therefore, these two components have been 
lumped together in the results given here. Figure 3.3 shows a 
typical output, at approximately 3% conversion of thlophene to 
hydrocarbons, from the n-octane column. 
Thiophene desulfurization activity measurements 
Hydrodesulfurization activities were measured at atmo­
spheric pressure using thiophene as a model sulfur-containing 
compound. Catalyst loadings of 40-100 mesh material were 
adjusted to give conversions of about 3% after 20 minutes of 
continuous thiophene flow. The reactor, loaded with fresh 
catalyst, was heated from room temperature to 400°C in a 
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Figure 3.3. Typical separation from n-octane/porasil C 
column 
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stream of helium at 19 ml/min (STP). After about 45 minutes, 
between 10 and 25 1/4 ml pulses of 2 mole % thiophene in hy­
drogen were injected into the reactor at 30 minute intervals. 
The helium flow was then replaced by a continuous flow of 2 
mole % thiophene in hydrogen at 22 ml/min (STP). After 10 
hours of reaction, the reactor was purged and cooled from the 
reaction temperature in a helium stream. 
1-Butene hydrogénation activity measurements 
Hydrogénation activity measurements were performed in a 
pulsed flow mode to minimize potential removal of sulfur from 
the Chevrel phase catalysts at 400°C by the sulfur-free feed. 
Reactor loadings were the same as those used in the hy-
drodesulfurization activity measurements. The reactor, loaded 
with fresh 40-100 mesh catalyst, was heated from room tempera­
ture to 400°C in a stream of helium at 19 ml/min (STP). After 
about 45 minutes at 400°C, two 1/10 ml pulses of 2 mole % 1-
butene in hydrogen were injected into the reactor at 15 minute 
intervals. Twenty-five 1/10 ml pulses of 2 mole % thiophene 
in hydrogen were then introduced to the reactor; the 1-butene 
pulses followed. After a continuous flow of thiophene-hydro-
gen for 2 hours at 22 ml/min, the reactor was purged with 
helium, and the 1-butene pulses were repeated (at 400°C). 
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Deuterium-Thiophene Exchange Measurements 
Mass spectrometer system 
The deuterium-thiophene exchange experiments were per­
formed in the gas chromatograph-mass spectrometer system (GC-
MS) illustrated in Figure 3.4. The reaction products are 
sampled with the 6 port valve of Figure 3.1, separated in the 
column of the gas chromatograph, from which the flow is split 
between the FID of the gas chromatograph and the mass spec­
trometer. The FID quantified the amounts of the individual 
components of the reactor effluent, 1-butene for example. The 
mass spectrometer, with its ability to detect materials of 
different masses, quantified the deuterium distribution within 
a given component. For example, the amounts of 1-butene con­
taining zero deuterium atoms through eight deuterium atoms 
were each determined for one sample of 1-butene separated 
chromatographically from the other reactor effluent 
components. 
With a few exceptions, the system utilized the same feed 
and gas chromatograph system as the activity measurements (see 
page 69). Here, a fused-silica reactor (rather than the 
stainless steel reactor) and a picric acid/carbopack C column 
(rather than the n-octane/porasil C column) were used. 
The equipment comprising the mass spectrometer system is 
listed in Table 3.5. The mass spectrometer itself consisted 
of a 1-300 AMU quadrupole mass filter, an electron impact 
ionizer equipped with a low energy option, a 16 stage electron 
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mass PDF 11/23 
spectrometer data acquisition 
controller system 
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Figure 3.4. Schematic diagram of G.C.-M.S. system 
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Table 3.5. Mass spectrometer system equipment 
Leak system 
Nupro cross fine metering valve: SS-2SX 
Nupro bellows valve: SS-4H-TH3 
Balzers TSU 511 turbopump (500 1/s) 
Balzers DUO 012A rotary roughing pump 
Granville-Phillips series 260 ionization gauge controller 
Mass spectrometer 
XJTI lOOC precision mass analyzer, equipped with Cat. No. 
02042-A low energy ionizaion energy control circuit 
Data acquisition system 
Ditigal Equipment Corp. Micro PDP-11/23 Plus computer 
equipped with dual 5.25" 400 KB RX50 diskette subsystem 
and one 5.25" 10 MB RD51 Winchester disk subsystem, 
DRVll-LP parallel line interface, DLVll-Jl-LF serial line 
interface 
ADAC Corp. 1030-16SE-1PGA-2-B-P data acquisistion system: 12 
bit 16 channel A/D, 12 bit 2 channel D/A 
ADAC Corp. 1412-DA-4-B-V-0-P 12 bit 4 channel D/A 
converter 
Ames Lab. Instrumentation Group picoammeter range 
interface relay driver circuit (see Figure 3.5) 
Visual Technology Inc. model 550 graphics terminal 
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multiplier, and an 8 stage picoammeter. The flow of the sepa­
rated reaction products in the helium carrier gas was split 
between the.FID and the mass spectrometer with a 3-way 
metering valve. If necessary, an all metal bellows valve 
isolated the high vacuum chamber from the carrier gas stream. 
The vacuum chamber in which the quadrupole probe resided 
is detailed in Figure 3.5. Connections of the all stainless 
steel chamber were made with UHV flanges and copper gaskets. 
The 1/8" stainless steel gas transfer line from the G.C. en­
tered the chamber through a bored-through Swage1ok fitting 
welded into a 4 1/2" flange. The end of this line came within 
approximately 1/8" of the grid of the mass spectrometer's 
^ O Z • - - - - — - - - - — ' - - - - — " ' — 
Molecules entering the vacuum chamber are ionized by 
electron impact bombardment in the mass spectrometer's ion­
izer. The positively charged ions are accelerated by a poten­
tial difference into the quadrupole mass filter, through which 
ions of only a selected mass to charge ratio are passed. (See 
references 104 and 105 for a detailed description of the theo­
ry of a quadrupole mass spectrometer.) The filtered ions are 
4 
multiplied, with a gain of about 10 , in the electron multi­
plier. The output current of the multiplier is converted and 
amplified into a 0-10 volt signal by the picoammeter. 
Data acquisition Control of and data collection from 
the mass spectrometer was performed by a PDP 11/23 computer 
data acquisition system. The mass filter was driven from 
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1-300 AMU by providing the mass spectrometer with a 0-10 volt 
signal from the 12 bit digital to analog converter (D/A). 
Similarly, the 0-10 volt output signal of the picoammeter was 
read with the 12 bit analog to digital converter (À/D) and 
stored by the computer. The data acquisition system, equipped 
with 100 kHz converters, was capable of acquiring data faster 
than the response time of the mass spectrometer. Relatively 
large amounts of data could be quickly stored on the high 
speed Winchester disk. The graphics terminal allowed conve­
nient displaying of the GC-MS results. 
The different ranges of the 8 decade picoammeter were 
selected utilizing the 16 channel parallel output line of the 
computer and the picoammeter^ange relay driver device dia­
gramed in Figure 3.6. This circuit, custom designed by the 
Ames Laboratory instrumentation group, was necessary since the 
mass spectrometer required a 32 volt source to ground its 
range changing relays, while the computer's parallel line 
could produce only 5 volts. The parallel output line was 
connected to the relay driver with a 40 pin ribbon cable. The 
relay driver device, in turn, was connected to the mass spec­
trometer with a 24 pin Amphenol blue ribbon connector. 
Fused-sllica reactor Figure 3.2b illustrates the 6 mm 
O.D. fused-silica reactor used for the deuterium-thiophene 
exchange experiments. The fused-silica tube was connected to 
the 1/8" stainless steel lines with 6 mm to 1/8" Swage1ok 
reducing unions outfitted with teflon front ferrules and nylon 
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Figure 3.6. Picoammeter range interface relay driver circuit diagram 
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back ferrules. This arrangement was leak free at 60 pslg with 
the catalyst bed at 400°C; the connecting unions were posi­
tioned outside of the reactor furnace. Catalysts were held in 
place between pads of quartz wool. 
A fused-silica reactor was used because it possessed 
smaller blank activities than the stainless steel reactor. 
Under the exchange measurements conditions of page 85, the 
empty fused-silica reactor at 400°C converted 0.048% of thio-
phene to Cg and hydrocarbons. The major reaction products 
of the empty reactor were hydrocarbons and isobutene. 
Neglecting the Cg hydrocarbons and isobutene, only 0.0062% of 
thiophene is converted to hydrocarbons. The reactor had 
little ability to exchange the hydrogens of thiophene; less 
than 0.003 deuterium atoms were incorporated into thiophene 
when using a deuterium-thiophene feed. The ability of the 
empty reactor at 400°C to hydrogenate, isomerize, and 
deuterium-exchange a continuous stream of 2% 1-butene in deu­
terium at a total flow of 22 ml/min was also measured. The 
reactor showed no measurable hydrogénation, isomerization, or 
deuterium-exchange of 1-butene. 
Deuterium (Air Products, research grade 99.99%) was me­
tered through the hydrogen mass flow controller, recalibrated 
for deuterium, and purified by passage through an independent 
copper oxygen removal trap and an independent 4 A molecular 
sieve drying trap. 
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Product separation An 18 ft 0.19% picric acid/carbo-
pack C column was used for product separation in the 
deuterium-thiophene exchange experiments. Figure 3.7 illus­
trates a typical separation provided for the thiophene desul-
furization products at approximately 3% conversion of thio­
phene to hydrocarbons. Overall, this column provided a 
better separation of the hydrocarbons than the n-octane 
column. While 1,3-butadiene was separated from the butenes, 
the column did not separate n-butane from isobutene. There­
fore, n-butame and isobutene are lumped together in the re­
sults given from this column. Since thiophene was strongly 
retained on the column, it was necessary to backflush the 
column using the 4 port valve illustrated in Figure 3.4 to 
elute the thiophene in a reasonable amount of time. At the 
temperatures the column was operated, 60°C for the hydrocarbon 
separation and 85°C for the thiophene backflush, column 
bleeding was negligible. 
Deuterium-thiophene exchange procedure 
The deuterium-thiophene exchange experiments were per­
formed under conditions and using procedures very similar to 
the hydrodesulfurization activity measurements. Reactor load­
ings of 40-100 mesh material were adjusted to give conversions 
of about 4% after 2 hours of thiophene flow. The Co 25~Mo^-S, 
1000°C MoSg, and Ho^ (2nd prep.) materials had been 
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stored In a desiccator in air before the exchange measure­
ments. PbMOg 2^8 and SnMog 2^8' ^ ^ich had been stored and 
handled in a nitrogen dry box with no previous exposure to 
air, were briefly (less than 1/2 hour) exposed to air before 
being loaded into the reactor and purged with helium. The 
fused-silica reactor was loaded with fresh catalyst and heated 
from room temperature to 400°C in a stream of helium at 19 
ml/min (STP). After about 45 minutes, the helium flow was 
replaced by a continuous flow of 2 mole % thiophene in deute­
rium at 22 ml/min (STP). After 20 minutes and 2, 4, and 6 
hours, 5 ml of the reactor effluent was sampled and sent to 
the GC-MS system. 
Data collection Table 3.6 provides the details of the 
mass spectrometer conditions and data collection parameters 
used In collecting the deuterium distribution data. The vacu-
—5 
um chamber was maintained at a pressure of 3-10 torr; under 
these conditions approximately half of the 5 ml effluent sam­
ple went into the FID detector, with the remainder being 
leaked into the mass spectrometer. Low electron ionization 
energies, 18.0 volts, were use in order to minimize fragmenta­
tion of the molecules. Details of the assumptions and errors 
involved in determining a deuterium distribution of a compo­
nent are given in Appendix C. 
Data acquisition was performed by measuring the ion cur­
rents (really the picoammeter voltages) at 5 points around the 
center of one mass number. The data points were spaced 0.083 
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Table 3.6. Mass spectrometer data collection conditions 
Scan conditions 
Reaction AMU range Conversions/ scans/GC 
product scanned data point peak 
HgS 30-49 25 40 
C^'s 51-70 25 50 
Thiophene 80-93 50 80 
Ionization and detector conditions 
vacuum chamber pressure: 3'10~^ torr 
0.18 mA emission current 
18.0 volt ionization electron energy 
2 kV electron multiplier high voltage 
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AMU apart; thus, only the middle one third of each mass number 
was scanned. Either 25 or 50 À/D conversions of the pico-
ammeter voltages at each of these 5 points were obtained. The 
average of all of the conversions at all 5 data points of one 
mass number was computed and stored as the average peak 
height. Table 3.6 contains the AMU range scanned for each of 
the components of interest; HgS, the hydrocarbons, and 
thiophene. By scanning over a small AMU range (20 AMU or 
less), scanning speeds were high, approximately 1.5 sec/scan. 
This feature allowed between 40 to 80 scans to be obtained 
from a single reaction product. 
The picoammeter ranges were switched between scans, if 
necessary^ In order tokeep the output voltages from being too 
low to be accurately measured, or from being above 10 volts, 
resulting in saturation of the picoammeter. The picoammeter 
range was increased by one decade to a more sensitive range if 
all of the average peak heights of a scan were less than 0.8 
volts. Similarly, the remge was decreased by one range to a 
less sensitive range if any of the average peak heights were 
above 8.0 volts. These choices of "autoranging" values al­
lowed the following of the Gaussian-like concentration profile 
of the separated reaction products with the most appropriate 
picoammeter range. Data were not collected in the two most 
sensitive picoammeter ranges, due to the slow response of 
their corresponding amplifiers. 
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CHAPTER 4. RESULTS AND DISCUSSION: 
CATALYST CHARACTERIZATION AND ACTIVITY MEASUREMENTS 
This chapter contains the results and discussion of the 
physical and catalytic characterization of the Chevrel phase 
and MoS2-based catalysts. The study of these catalysts was 
undertaken to increase the knowledge of the catalytically 
active phase of hydrodesulfurizatlon catalysts. The use of 
Chevrel phases as model hydrodesulfurizatlon catalysts pre­
sents several unique opportunities. Nearly 40 different ele­
ments may be incorporated into the basic structure, permitting 
a systematic investigation into the effect of different "pro­
moters" on molybdenum chemistry and catalytic activity. The 
low molybdenum oxidation states (formal oxidation states be­
tween +2 and +2 2/3) allow a direct investigation into the 
catalytic role of, reduced molybdenum oxidation states. 
The first section describes the results of the character­
ization for the fresh and used catalysts by the techniques of 
x-ray diffraction, x-ray photoelectron spectroscopy, and laser 
Raman spectroscopy. The second section outlines the results 
of the thiophene hydrodesulfurizatlon and 1-butene hydrogéna­
tion activity measurements. Finally, the third section con­
tains a discussion of these results. 
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Results of Catalyst Characterization 
MoS.-based catalysts 
À series of poorly-crystalline MoSg materials was pre­
pared by the thermal decomposition of ammonium thiomolybdate 
at temperatures between 450°C and 1000°C. In addition, a 
cobalt-promoted MoSg catalyst was prepared by a homogeneous 
precipitation technique. 
X-rav diffraction Figure 4.1 illustrates the x-ray 
powder pattern of the cobalt-promoted material, labeled Co 25 
Mo^-S, and the unpromoted 1000°C MoSg material. For Co 
Mo^-S, a low degree of crystallinity is indicated by the 
broad, diffuse nature of the diffraction peaks. The presence 
of COgSg is also indicated^—Compared to Co gg-Mo^-S, the 
diffraction peaks of 1000°C MoSg are sharper and of consider­
ably greater intensity. However, some of the peaks (corre­
sponding to certain hkl combinations) are still broad—a re­
sult of stacking faults in the S-Mo-S layers. (See reference 
31 for details.) The powder patterns of the 450, 550, 650, 
and 800°C materials, while not shown here, were similar to 
those of Wildervanck and Jellinek (31). For these materials, 
the diffraction peaks become sharper and more intense with 
increasing preparation temperature, implying that the degree 
of crystallinity also increases with increasing preparation 
temperatures. 
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Raman characterization The M0S2-based materials were 
also characterized by laser Raman spectroscopy, a technique 
yielding Information about the vibrational states of materi­
als. Figure 4.2 shows the spectra of the unpromoted MoSg 
series of materials and Co 25-M02-S. All materials contained 
Raman bands at about 383 and 407 cm~^r compared to the 383 and 
409 cm bands reported for highly crystalline MoSg (106). 
However, these bands become broader and less intense as the 
materials become less crystalline, as was found by Chang and 
Chan (107). The band width at half maximum of the 407 cm~^ 
band clearly decreases with increasing preparation temperature 
(Figure 4.3). Interestingly, the presence of cobalt has lit­
tle influence on this band width.—Both 450°G M0S2 and Co 25 
Mo^-S were prepared at 450°C, and despite the fact that the 
latter material contains a Co/Mo ratio of 1 to 4, the band 
widths of these two materials are nearly Identical. 
Chevrel phase catalysts 
Introduction The preparation of single-phase (Hievrel 
phase compounds in workable quantities (gram-size) is a diffi­
cult procedure. The compositions reported in the literature 
needed to produce single-phase materials vary widely. For 
example, SnMo^Sg has been prepared at stoichiometry Sn^Mog_^Sg 
(0,9 < X < 1.1; 0.2 < z < 1), and PbMOgSg has been prepared 
with stoichiometry Pb^Mo0Sg_y (0.85 < x < 1.05; 0.8 < y < 1.2) 
(67). While the light rare-earth containing compounds can be 
Figure 4.2. Raman spectra of fresh M0S2 catalysts 
a) 450°C MoSgr b) 550°C M0S2, 
c) 650°C MoSg, d) 800°C M0S2, 
e) 1000°C M0S2, and f) Co 25~^°l"^ 
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prepared at a composition RE^ gMOgSg, a composition of 
RE^ gMOgSg is necessary to achieve "pure" preparations of the 
heavy rare-earth compounds (108). Despite these wide 
compositional variations, measurements have shown that the 
ideal stoichiometries M^MOgSg (small cation compounds), and 
gMOgSg (large cation compounds) do occur for single crys­
tals (60, 74). Thus, the apparently pure, polycrystalline 
samples, made at compositions away from the ideal stoichiome-
try, contain unidentified impurities. 
Similar problems occurred in the preparation of the (Thev-
rel phase compounds studied here. For example, a tin Chevrel 
phase prepared at the ideal composition Sn^ qMo^Sq contained a 
significant amount of MoS2, as did a lead Chevrel phase pre 
pared at a composition Pb^ ^MOgSg. Higher purity for the 
large and intermediate cation materials was achieved by in­
creasing the molybdenum content to a composition gMog 2^8' 
The exception was the rare-earth holmium Chevrel phase, for 
which, as reported in the literature (74), high purity was 
achieved at a composition Ho^ 2^0629• The use of the Mo/S 
ratio of 6.2/8.0 in the intermediate and the other large cati­
on compounds not only resulted in higher purity materials, but 
also resulted in molybdenum being the only possible impurity, 
rather than the catalytically active impurity of M0S2, which 
was obtained with the ideal 6/8 ratio. Therefore, the large 
and intermediate cation materials prepared at the uniform. 
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composition gMOg 2^3 receive the majority of the attention 
here, and are the materials which have been reported in the 
literature (109, 110). However, several tin and lead com­
pounds with alternate compositions were also prepared, and 
physically and catalytically characterized. These results 
will be described as a separate group. 
Mhile further high temperature annealings of the Chevrel 
phases might have resulted in higher purity materials, the 
loss of surface area from the already low surface area materi­
als made this approach impractical. 
X-rav diffraction The purity of the bulk Chevrel 
phase compounds prepared was determined principally by x-ray 
powder diffraction. Figure 4.4 shows the diffraction patterns 
of two representative materials, Co^ ^MOgSg and Ho^ 
(2nd prep.), both before and after 10 hours of thiophene reac­
tion. (Two independent Ho^ materials were prepared and 
characterized. When the distinction is necessary, they will 
be referred to by their respective labels—2nd prep, or 3rd 
prep. ) The patterns of the other cobalt (Zhevrel phase series 
were similar to Co^ ^MOgSg and are not given here. (The pat­
terns of the remaining compounds are given in Figures 4.5, 
4.10, and 4.12 and Appendix B, which also contains the pat­
terns of the precursor materials, metallic molybdenum and 
^°2.06^3* ^ 
For all the (Zhevrel phase compounds studied, there are no 
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Figure 4.4. XRD pattern of Co^ ^Mo^Sg, a) fresh, b) used; 
and Ho^ (2nd prep. ) , c) fresh., d) used 
(rhom. hkl) 
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apparent changes in the x-ray patterns after reaction; there 
was no loss of crystallinity or the formation of other phases. 
XPS characterization X-ray photoelectron spectroscopy 
(XPS) analysis of the catalysts was utilized as a surface 
sensitive characterization technique. With a sampling depth 
of only about the first 50 A of the surface (111), XPS pro­
vides information about both the oxidation states and relative 
concentrations of the different elements composing the surface 
layer. 
The XPS binding energies of the catalysts are provided in 
Table 4.1, while Figure 4.5 illustrates the molybdenum 3d 
doublets for the Chevrel phase catalysts in their fresh state 
and after 10 hours of thiophene reaction. For the fresh cata 
lysts, the Mo Sd^yg binding energies are all grouped around 
the average value of 227.5 eV, with SnMOg 2^8 b^ing slightly 
higher (228.1 eV), Ni^ gMOgSg and Co^ ^MOgSg being slightly 
lower (227.3 eV), and AgMOg being considerably lower 
(226.6 eV). These results confirm the anticipated low molyb­
denum oxidation state. For comparison, the Sd^yg binding 
energy of Mo^* in M0S2 is about 228.9 eV, and that of Mo^^ in 
MoOg is about 232.5 eV (112). 
The XPS spectra obtained for several fresh Chevrel phase 
catalysts which had been stored in air for several months 
showed minimal—but detectable—changes from the air-isolated 
materials. For example, Cu^ 2^05^3 showed the formation of 
small amounts of Mo*^ and Cu^^, most likely resulting from the 
Table 4.1. XPS binding energies and intensity ratios 
Catalyst Mo; Sdg/g 3^5/2 M; - - S; 2p Mo/M^ Mo/S 
Large cation Compounds 
"°1.2^°6^8 
2nd prep. 
A 
B 
230.7 
230.8 
227.5 
227.5 '— 
c 
— 
c 161.6 
161.5 
3:4, 
.2^8 A B 
230.9 
230.8 
227.5 
227.5 
142. 
142. 
3el 
5 
137. 
137. 
ge2 
5 
161.6 
161.8 
1.8^ 
1.8 
3.7 
3.6 
SnMOg 2^8 A 
B 
231.4 
231.2 
228.1 
227.9 
494. 
494. 
5^1 
5 
486. 
455. 
0^2 
9 
161.7 
161.8 
2.1^ 
2.2 
3.7 
3.7 
Intermediate cation Compounds 
^"3.2^°6®8 
1.. 5^°6^8 
A 230.0 226.6 373.991 367.8*1 161.9 2.6^ 4.5 
B 230.7 227.5 373.1 
i 
367.2 161.7 8.1 4.4 
A 230.9 227.7 451.891 444.292 161.5 1.3^ 4 . 2  
B 230.9 227.7 451.8 444.3 161.7 3.8 3.9 
1 compounds 
A 230.7 227.4 951.5II - - 161.8 4.6^ 3.5 
B 230.9 227.7 951.6 — — 161.9 8.4 3.9 
A  230.8 227.6 710.1^2 161.7 0.8% 3.8 
B  231.0 227.7 :— 710.1 162.1 
Q. 
'1.6""6"'8 
A 230.5 227.3 
B 231.1 227.8 
A 231.2 227.8 
B 231.8 228.8 
229.9 227.8 
A 230.6 227.3 
B 231.9 228.7 
796.2 
796.6 
052.5^^ 161.5 
,852.5 
780.4 
780.8 
161.4 
796.2^^ 780.4^^ 161.9 
161.9 
795.l^l 779.4^^ 161.8 
162.2  
9.4' 
28 
3.4' 
4.4 
A = fresh catalyst 
B = after 10 hr continuous Hg-thlophene reaction 
3.9 
4.6 
4.1 
3.2 
a 
j 
Raw area ratio of Mo 3d electrons to ternary component M electrons. 
^Raw area ratio of Mo 3d electrons to S 2p electrons. 
"Ho spectrum too diffuse to detect. 
^Information not available. 
'M 4fgy2 (el) and 4fyy2 (e2). 
Raw area ratio of Mo 3d to M 4f. 
^M Sdgyg ^^5/2 ^^2). 
^Raw area ratio of Mo 3d to M 3d; 
M 2p^y2 (11) and 2p2/2 (12)' 
Raw area ratio of Mo 3d to M 2p^^2' 
'"Raw area ratio of Mo 3d to M 
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formation of MoOg and CuO. For this reason, the PbMOg 2^8' 
SnMOg 2^8' SnMOgSg, AgMOg 2^8' &n(i InMOg 2^8 materials were 
handled exclusively in the nitrogen-atmosphere dry box. The 
preparation of the holmium Chevrel phase was also repeated, 
with the resulting material (Ho^ ^MOgSg, 3rd prep.) being 
handled entirely in the absence of air, a.s were the other 
large and intermediate cation compounds. The x-ray powder 
pattern and molybdenum 3d XPS spectrum of the repeated materi­
al (Ho^ 2^°6^8' prep.) are shown in Figures 4.6 and 4.7, 
respectively. Table 4.2 shows that the reproducibility in the 
XPS spectra is quite good. Both of the fresh samples have Mo 
3dg/2 binding energies of 227.5 eV, while the surface Mo/S 
ratio is 3.4 for Ho^ -( 2nd prep.) and 3.5 for Ho^ ^ MOgSg 
(3rd prep.). Also, as discussed in the next section (see p. 
145), the agreement between the activity results of these two 
materials is quite good. 
The brief exposure of Ho^ (2nd prep.) to air be­
fore the activity measurements is thought to be unimportamt in 
that surface of this material after 10 hours of thiophene 
reaction, as characterized by XPS, was not distinguishable 
from the fresh air-isolated surface, or from the surface of 
the fresh or used Ho^ 2^0523 (3rd prep.) material, which un­
derwent no exposure to air (see Table 2.2). 
Figure 4.5 shows the changes in the Mo 3d spectra which 
occur after 10 hours of thiophene reaction. For the large 
Figure 4.5. Molybdenum 3d XPS spectra of fresh, and used 
(10 hr thiophene reaction) (Jhevrel phase 
catalysts : 
a) fresh, b) used Ho^ 2^°6^8 ^^nd prep.); 
c) fresh, d) used PbMog 2^8' 
e) fresh, f) used SnMOg 2^8' 
g) fresh, h) used AgMOg 2^8' 
1) fresh, ]) used InMOg 2^8' 
k) fresh, 1) used CUg 2^05^8' 
m) fresh, n) used Fe^ gMOgSg: 
o) fresh, p) used Ni^ gMogSg; 
q) fresh, r) used Co^ gMogSg; 
s ) fresh, t) used Co^ -yMOgSg 
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Table 4.2. XPS binding energies and intensity ratios; other stoichiometries 
Catalyst Mo: 3dg/2 3^5/2 M: - - S: 2p Mo/M* Mo/S^ 
2nd prep. 
A 
B 
230.7 
230.8 
227.5 
227.5 
__c 161.6 
161.5 — — 
3rd prep. 
A 
B 
230.9 
231.0 
227.5 
227.6 
j_c 161.5 
161.5 
3.5 
3.5 
A 
B 
230.9 
230.8 
227.5 , 
227.5 
142.3^1 
142.5 
137.5®^ 
137.5 
161.6 
161.8 
i.ef 
1.8 
3.7 
3.6 
^^.92^06^8 A 
B 
231.8 
231.0 
228.5 
227.8 
1 6 ] 
143.1 
142.5 
138.3®^ 
137.6 
162.0 
161.9 
2.2^ 
2.1 
3.6 
3.5 
A = fresh catalyst 
B = after 10 hr continuous Hg-thiophene reaction 
a Raw area ratio of Mo 3d electrons 
^Raw area ratio of Mo 3d electrons 
'Ho spectrum too diffuse to detect, 
information not available. 
'M 4fgy2 (el) and 4fyy2 (e2). 
•Raw area ratio of Mo 3d to M 4f. 
to ternary component M electrons, 
to S 2p electrons. 
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cation compounds Ho^ PbMOg 2^8' SnMOg 2^8' there 
are no apparent changes in the band positions or shapes. For 
the intermediate cation compound AgMOg 2^8' Mo 3dg^2 
peakshifts from 226.6 eV to 227.5 eV after reaction. For the 
other intermediate cation compound, InMOg 2^8' careful exami­
nation reveals the formation of shoulders on the high binding 
energy sides of the doublet, indicating some degree of oxida­
tion of the surface molybdenum atoms. After thiophene reac­
tion, all small cation materials clearly show some degree of 
formation of a higher molybdenum.oxidation state or states. 
For CUg gMOgSg and Fe^ ^ MOgSg, the low oxidation state domi­
nates after reaction. For Co^ ^MOgSg after thiophene reac-
tion, a higher oxidation state of molybdenum with a Sd^ ^ 2 
binding energy of about 228.8 eV appears. The intensity of 
this band is approximately equal to that of the lower molybde­
num oxidation state. For the Co^ ^MOgSg catalyst after reac­
tion, this higher oxidation state is of greater intensity than 
the lower oxidation state. The situation is less straight 
forward for the used Ni^ gMOgSg molybdenum spectrum; while the 
3dgy2 peak maximum is still at the low oxidation state value 
of 227.8 eV, both peaks of the doublet have become broader 
with a corresponding reduction in the "depth" of the "valley" 
between the peaks. 
Except for the Co^ ^MOgSg and AgMOg 2^8 samples, the 
binding energies of the ternary components change little after 
reaction. Similarly, for all catalysts, the sulfur 2p binding 
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Figure 4.6. XEîD pattern of SnMOg 2^8' fresh, b) used; 
and Ho^ 2MOgSg (3rd prep.), c) fresh., d) used 
(rhom. hkl) 
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energy Is unaffected by reaction (consistently near 161.7 eV). 
Table 4.1 also provides the ratios (Mo/M) of the uncor­
rected peak areas for the molybdenum 3d electrons compared to 
a core electron orbital of the ternary metal M, and the ratios 
(Mo/S) of the uncorrected peak areas for molybdenum 3d elec­
trons compared to the sulfur 2p electrons. These ratios are 
not intended to quantitatively reflect the surface composi­
tions since they are uncorrected for either instrumental or 
atomic sensitivity factors. Instead, they are provided to 
indicate changes which occur after reaction for a particular 
Chevrel phase compound. (The diffuse nature of the holmium 
XPS spectrum has prevented measurement of holmium binding 
energies or intensities (113).) For the large cation materi­
als PbMOg 2^8 ômd SnMOg 2^8' ratios" Mo/M and Mo/S remain 
unchanged after reaction. However, for all intermediate and 
small cation compounds, the ratio Mo/M is larger after reac­
tion than before, indicating a loss of ternary component atoms 
from the surface under reaction conditions. 
The situation is less straightforward concerning the Mo/S 
ratios for the intermediate and small cation compounds. After 
reaction, the ratio remains unchanged in AgMOg 2^8' decreases 
for InMOg and Co^ ^MOgSg, and increases for Cu^ 2*^0gSg and 
^^1.6^°6®8 * 
Raman characterization Laser Raman spectroscopy was 
also utilized to characterize the (Zhevrel phase catalysts. 
Figure 4.7. Molybdenum 3d XPS spectra of : 
a) fresh, b) used Ho^ 2^05^8 (3rd prep.); 
c) fresh, d) used Pb ^2^06^8 
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B I N D I N G  E N E R G Y  
Figure 4.8. Raman spectra of fresh and. used. (10 hr 
thlophene reaction) Chevrel phase catalysts; 
a) fresh. h) used HOi 2^°6®8 ^ 2nd 
c) fresh. d) used PbMOg 2^8' 
e) fresh. f ) used SnMOg 2^8' 
9) fresh. h) used AgMOg 2^8' 
1) fresh. ]) used InMOg 2^8' 
k) fresh. 1) used 
m) fresh. n) used ^®1.5"°6®8' 
o> fresh. P> used ^^1.6^°6^8' 
q) fresh. r ) used ^°1.6^°6^8' 
s ) fresh. t) used ^°1.7"°6^8 
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While It was not found possible to obtain the Raman spectra of 
the Chevrel phase compounds themselves, it was possible to use 
the Raman technique to examine these materials for the pres­
ence of M0S2 impurities. As previously shown (see p. 93), 
Raman spectroscopy is a sensitive technique for the identifi­
cation of both crystalline and poorly-crystalline M0S2. 
Figure 4.8 provides the Raman spectra of the fresh and 
used (10 hours of thiophene reaction) Chevrel phase compounds 
in the region of the 383 and 409 cm~^ bands of MoSg. A slight 
amount of M0S2 impurity is indicated in the fresh Co^ ^ MOgSg 
and COj^ yMOgSg catalysts, as was detected for the other cobalt 
Chevrel compounds (see Figure 4.9). After reaction, the 
amount Of MoS^ in these materials Increased. The other fresh 
(Thevrel phase catalysts show no presence of MoSg. The origin 
of the weak 395 cm~^ band of AgMo^ unexplained. Except 
for the used cobalt Chevrel phase compounds and the used 
InMOg 2^8' Raman spectra of the used catalysts are devoid 
of M0S2 features. The used InMOg 2^3 catalyst has a very weak 
406 cm band, which could possibly be due to M0S2 impurities. 
Other stoichiometries In addition to the lead and tin 
compounds prepared at compositions o^°6 2®8' M&terials of 
composition Pb ^2^05^3' SnMo^Sg, and Sn^ were prepared. 
Figure 4.10 shows the x-ray diffraction patterns of the fresh 
and used Pb and PbMOg 2^3 materials. While PbMOg 2^3 
Figure 4.9. Raman spectra of fresh and used (10 hr 
thiophene reaction) cobalt Chevrel phase 
catalysts ; 
a) fresh, b) used Co^ ^Mo^Sg; 
c) fresh, d) used Co^ gMo^Sg; 
e) fresh, f) used Co^ yMOgSg: 
g) fresh, h) used Co^ gMOgSg; 
i) fresh, j) used Co^ gMo^Sg 
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Figure 4.10. XRD pattern of PbMo^ -Sg, a) fresh, b) used; 
and ^^ fresh, d) used (rhom. hki; 
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Is contaminated by a small amount of unreacted molybdenum, 
Pb ggMOgSg contains unreacted MOg 06®3* Table 4.2 details how 
this change in composition affects the XPS results. The mo­
lybdenum 3dg/2 binding energy of fresh Pb is the 
highest of any of the Chevrel phase compounds studied—228.5 
eV, indicating a fairly high molybdenum oxidation state. 
After reaction, the binding energy has dropped to 227.8 eV, a 
value in good agreement with the other Chevrel phase com­
pounds. For Pb ggMOgSg, like the other large cation com­
pounds, the ratios Mo/M and M/S did not change after reaction 
(Table 4.2). No MoSg impurities were detected in this materi­
al by Raman spectroscopy (see Figure 4.11). 
Regarding the various tin compounds, z-ray diffraction 
analysis of SnMOg (Figure 4.6) revealed the presence of a 
small amount of unreacted molybdenum, while SnMOgSg contained 
MoSg as an impurity (Figure 4.12). Mhlle the powder pattern 
Of Sn^ 2^06^8 showed no indication of impurities, it is sus­
pected that the sample contains unreacted tin as a contami­
nant. The sample synthesis tube of this material contained a 
green vapor when removed from the furnace at 1200°C. Upon 
cooling, a gray material condensed on the Inside surface of 
the fused-silica tube. (The Sn^ material was the only 
sample for which this phenomenon was observed.) Tarascon et 
al. (67) have shown that (Chevrel phase compounds prepared with 
Figure 4.11. Raman spectra of fresh and used (10 hr 
thlophene reaction) (Thevrel phase cata­
lysts of other stoichiometries : 
a) fresh, b) used Pb 92^°6^8' 
c) fresh, d) used SnMOgSg; 
e) fresh, f) used Sn^ 2^°6^8 
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Fiçrure 4.12. XRD pattern of SnMo^Sg, a) fresh, b) used; 
and Sn, »Mo^Sq, c) fresh, d) used (rhom. hkl) 
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excess tin (or lead) contain metallic tin (or lead) impurities 
which are detectable by differential scanning calorimetry, but 
not by x-ray diffraction. Thus, both the "apparent" purity of 
and the nominal composition given to Sn^ 2^°6^8 be held 
in suspicion. The presence of M0S2 in the SnMOgSg material is 
clearly indicated in its Raman spectrum (Figure 4.11), while 
no M0S2 impurities were detected for Sn^ gMOgSg. 
MOgSg The binary Chevrel phase MOgSg was prepared by 
the action of n-butyl lithium on MoSg (Alfa), producing a 
lithiated MoSg (69). This material was reduced at 1000°C in a 
hydrogen stream, yielding Li^MOgSg, which was washed with 0.1 
M HCl to give MOgSg. The Raman spectrum of this fresh materi­
al , reproduced in Figure4.13, contains weak bands at 393 and 
-1 - • 406 cm . While the latter band indicates MoSg impurities, 
the former band is unexplained, but is similar in intensity 
and location to the weak 395 cm~^ band of AgMOg 2^8' Portions 
of MOgSg underwent 2 hours of hydrogen-thiophene reaction at 
temperatures of 300, 350, and 400°C. The Raman spectra of the 
resulting, used materials are also illustrated in Figure 4.13. 
At a reaction temperature of 300°C, the formation of MoSg is 
clearly indicated; the extent of MoSg formation increases with 
increasing reaction temperature. 
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Figure 4.13. Raman spectra of fresh, and used (2 hr 
thiophene rxn.) Mo^Sg: 
a) fresh, b) 300°C reaction, 
c) 350°C reaction, d) 400°C reaction 
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Results of Catalytic Activity Measurements 
Thiophene hydrodeaulfurization 
Continuous flow measurements The continuous flow 
thiophene reaction results for the Chevrel phases and the 
model MoSg materials are summarized in Tsible 4.3. The hydro-
desulfurization activities given—that is, the rates of thio­
phene desulfurization—have been normalized on the basis of 
the surface area of the catalyst. Details of the activity 
calculations are given in Appendix A. 
For the majority of the catalysts, the surface areas 
after 10 hours of reaction were within 10% of the surface 
areas for the fresh catalysts. For these materials, the ac-
tivities were normalized on the basis of the initial surface 
areas. However, the surface areas of CUg , CUg gMOgSg, 
and Fe^ gMogSg increased considerably under reaction condi­
tions; therefore, ihe hydrodesulfurization activities of these 
materials after 10 hours of reaction were normalized using the 
final surface areas. 
In Figures 4.14, 4.15, and 4.16 are shown the rates of 
thiophene desulfurization as a function of reaction time for 
the large, intermediate, and small cation compounds, respec­
tively. The large cation compounds Ho^ gMOgSg (2nd prep.) and 
PbMOg 2^3 both show considerably greater activity than Co gg-
Mo^-S and 1000°C MoSg for all reaction times. After 10 hours. 
Table 4.3. Thiophene hydrodesulfurization activities (400^0 
Catalyst Surface area React. Thio. HDS rate C„ product distribution (%) 
2 time conv. 
2 (mol/ S A m  )  
xlO 
t 
n- 1- trans-2- cis-2-
(m /gm) ( % )  butane butene butene butene 
Large cation Compounds 
0.579+0.012^ 20 
10 
m 
hr 
2.48 
2.20 
'12.65 
11.23 
0.9 
0.4 
32.2 
40.5 
41.2 
34.6 
25.7 
24.5 
2nd prep. 
0.400+0.007 20 
10 
m 
hr 
1.92 
1.28 
10.03 
6.68 
1.0 
1.0 
54.4 
62.0 
26.0 
23.8 
18.5 
13.2 
SnMOg 2^8 0.388+0.002 20 
10 
m 
hr 
1.90 
1.72 
3.57 
3.24 
0.6 
0.5 
60.7 
63.1 
22.6 
21.3 
16.1 
15.1 
Intermediate cation Compounds 
0.438+0.004 20 
10 
m 
hr 
2.59 
1.19 
5.12 
2.34 
1.1 
0.8 
36.5 
44.1 
39.1 
37.7 
23.3 
17.4 
InMOg 2^8 0.625+0.010 20 
10 
m 
hr 
2.76 
0.89 
6.47 
2.08 
0.6 
—b 
38.8 
38.5 
36.3 
43.4 
24.3 
18.1 
Small cation compounds 
^"3.2^°6^8 0.090+0.002^ 0.180^ 
20 
10 > 3.08 1.95 5.83 1.84 1.3 0.6 57.2 58.9 26.5 28.6 15.0 11.9 
CU3 sMOgSa 0.081+0.000 
0.099+0.000 
20 
10 > 2.26 1.04 4.84 1.82 1.0 1.3 59.8 56.9 28.7 33.5 10.5 8.3 
^^1.5^°6^8 0.093+0.001 
0.131+0.002 
20 
10 
2.21 
0.79 
4.36 
1.10 
0.5 59.3 
57.2 
26.4 
33.8 
13.8 
9.0 
^^1.6^°6^8 0.144® 20 
10 
m 
hr 
2.00 
0.71 
! 4.22 
1.50 
0. 9 35.4 
35.0 
40.1 
46.4 
23. 
18. 
^°1.5^°6^8 0.150+0.004 20 
10 
m 
hr 
2.06 
0,54 
3.16 
1 0.82 
0. 4 46.4 
42.2 
34.2 
45.6 
19. 
12. 
^°1.6^°6®8 0.099+0.000 20 
10 
m 
hr 
1.88 
0.47 
4.12 
1.02 
— 48.0 
44.8 
33.2 
44.6 
18. 
10. 
^°1.7"V8 0.110+0.000 20 
10 
m 
hr 
2.05 
0.59 
3.65 
1.05 
— 46.1 
42.5 
35.5 
45.3 
18. 
12. 
^°1.8^°6^8 0.080+0.000 20 
10 
ro 
hr 
2.49 
0.52 
5.77 
1.20 - -
44.4 
40.1 
37.2 
48.5 
18. 
11. 
^°1.9^°6®8 0.079+0.002-
"0.075^ 
20 
10 
m 
hr 
2.11 
0.51 
4.70 
1.13 
0. 4 47.6 
42.9 
35.3 
46.5 
16. 
10. 
Model MoSg compounds 
^°.25~^°1~^ 10.83+0.08 20 
10 
m 
hr 
1.94 
0.77 
7.37 
2.92 
1. 
1. 
3 
5 
35.9 
36.4 
38.0 
41.1 
24. 
21. 
1000°C MoSg 3.40+0.04 20 
10 
m 
hr 
2.22 
0.76 
2.67 
0.92 
2. 
1. 
4 
8 
41.2 
46.0 
32.7 
34.9 
23. 
17. 
^Errors estimated (95% confidence level) from least squares fitting of 
adsorption data. 
^Below detection limit. 
C 9 
Average of two measurements; 0.180+0,002, 0.180+0.003 m /gm. 
^Results based on surface area after reaction. 
o o 
Average of two measurements; 0.137+0.002, 0.150+0.002 m /gm. 
f 9 
Average of two measurements; 0.074+0.002, 0.076+0.004 m /gm. 
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Figure 4.14. HDS activity of large cation Chevrel phase compounds 
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Figure 4.16. HDS activity of small cation Chevrel phase compounds 
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SnMOg gSg shows slightly greater activity than Co 25-MOj^-S, 
which itself is more active than the unpromoted 1000°C MoSg. 
The large cation Chevrel phase compounds also show less of a 
loss in activity (deactivation) over the 10 hour period than 
do the MoS2~hased materials. The ratio of the activity after 
10 hours of reaction to that after 20 minutes is 0.91 for 
SnMOg 2^8' for Ho^ 2WOgSg, and 0.67 for PbMOg 2^8' 
pared to 0.40 for Co 25-^02-8, and 0.35 for 1000°C M0S2. 
The intermediate cation compounds AgMog 2^3 InMog 2^3 
(Figure 4.15), while not as active as the large cation phases, 
still have activities comparable to the 1000°C M0S2 and Co 25" 
Mo^-S materials. The extent of deactivation is greater for 
the intermediate cation compounds than Yor the large cation 
compounds. The ratio of the activity after 10 hours to that 
after 20 minutes _is 0.46 for AgMOg 2^3 and 0.32 for InMOg 2^8* 
For the purposes of illustration in Figure 4.16, the 
surface areas of the small cation materials Cu^ 2^0gSg and 
Fe^ gMOgSg have been assumed to Increase linearly with reac­
tion time from the value of the fresh catalyst, to that mea­
sured after 10 hours of reaction. The cobalt (Chevrel phase 
illustrated, Co^ gMOgSg, is the most active of the Co^MOgSg 
series. The extent of deactivation of the small cation com­
pounds is approximately equal to or greater than the M0S2-
based materials. The ratio of the activity after 10 hours to 
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Figure 4.17. HDS activity of cobalt Chevrel phase compounds 
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that after 20 minutes is 0.36 for Ni^^gMogSg, 0.32 for 
^^3 2^°6^8' ®-25 for Fe^.s^OgSg, and 0.21 for Co^ gMOgSg. 
Table 4.3 also provides the hydrodesulfurization activi­
ties of a series of cobalt Chevrel catalysts, Co^OgSg, where 
X varies between 1.5 and 1.9. After 20 minutes of reaction, 
the activity increases in a roughly linear manner with in­
creasing cobalt concentration (Figure 4.17). However, these 
differences in activity have decreased significeintly after 10 
hours of reaction. 
Taken as a whole, the activities of the Chevrel phase 
catalysts are comparable to the activities of the model M0S2 
compounds. Indeed, after 10 hours of reaction, all large 
• cation materials show higher activities than the model MoSg 
catalysts. It is very Interesting that the activities of the 
Chevrel phase compounds can be grouped according to their 
structural classification, with the large cation compounds 
being the most active, the intermediate cation compounds being 
less active, and the small cation compounds being the least 
active. After 10 hours of thiophene reaction, the order of 
activity is Ho^ > PbMo^ ^Sg > SnMOg > AgMo^ ^Sg > 
> Cu^Mo^Sg > Ni^^MOgSg > Fe^ ^ Mo^Sg^ Co^Mo^Sg. 
The most active Chevrel phase catalysts involve the unusual 
"promoters" holmium, lead, and tin; in contrast, the Chevrel 
phase compounds incorporating nickel and cobalt—the two 
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Figure 4.20. Pulsed HDS activity of fresh small cation Chevrel phase compounds 
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common conventional hydrodesulfurization promoters—are among 
the least active catalysts. 
The distribution of hydrocarbon products resulting 
from the desulfurization of thiophene varies considerably for 
the catalysts. For example, the ratio of the 2-butenes to 1-
butene after two hours of reaction is 2.1 for Ho^ 
prep.), 0.78 for PbMOg 2^8' for SnMOg 2^8' for 
ÀgMOg 2^8' for InMOg 2^8' for Cug 2MOgSg, 0.64 for 
Fei.gMOgSs, 1.7 for Ni^ gMOgSg, 1.3 for Co^ gMOgSg, 1.1 for 
1000°C MoS^, and 1.7 for Co ^^-Mo^-S. This ratio reveals a 
deviation in the butene concentration from the thermodynamic 
equilibrium value at 400°C, for which the ratio of 2-butenes 
to 1-butenes is 2.8 (114). 
Pulsed flow measurements Thiophene desulfurization 
activity measurements were also performed using pulses of 
thiophene-hydrogen. Since these measurements were performed 
on the fresh catalysts before the continuous flow measure­
ments, they represent a probing of the activity of the cata­
lyst in the very initial stages of reaction. Figures 4.18, 
4.19, and 4.20 illustrate the rate of thiophene desulfuriza­
tion as a function of the number of pulses for the large, 
intermediate, and small cation compounds, respectively. 
Several different types of behavior are exhibited. 
Co 25~MO^-S, 1000°C MoS^, CU^ 2^0gSg, and AGMOG ^Sg all have 
138 
comparable activities v^ich decline slowly with the Increasing 
number of pulses (Figures 4.19 and 4.20). For PbMOg 2^8' 
SnMog 2^8' InMOg 2^8' activities Increase over the 
first 3 to 4 pulses, after which a slow decline in activity 
occurs (Figures 4.18 and 4.19). This slow decline in cata­
lytic activity is most likely due to the formation of coke on 
the surface of the catalyst (115). Co^ yMogSg, like the other 
cobalt (Thevrel phase compounds studied, and Ni^ ^MOgSg both 
demonstrate a rather rapid, steady Increase in activity with 
increasing pulse number (Figure 4.20). 
Quite a different type of behavior is shown by Ho^ 
(2nd prep.) and Fe^ gMOgSg. The pulsed activities of both 
materials are much lower than theother catalysts. For 
HOi 2^0^82, the activity changes little over the course of ten 
pulses (Figure 4.18), while the activity of Fe^^ gMOgSg in­
creases rather slowly (Figure 4.20). This low activity for 
the fresh catalysts is unexpected. After 20 minutes of con­
tinuous thiophene reaction (after the thlophene pulses), 
HOi 2MOgSg has the highest activity of all the catalysts 
studied (TeUble 4.3), and the activity of Fe^ gMo^Sg is compa­
rable to the other small cation and the MoS2-based catalysts 
(Figure 4.16). 
o 
Table 4.4. 1-Butene hydrogénation activities (400 C) 
Catalyst HYD rate 
(mol/S'in^)xlO® 
C^ product distribution (%) 
n-butane 1-butene trans-2-butene cls-2-butene 
Large cation Compounds 
^°1.2^°6®8 
2nd prep. 
A 
B 
C 
0.3 
0.2 
0.3 
0.06 
, 0.05 
0.06 
90.5 
93.3 
31.2 
4.6 
3.2 
38.6 
4.8 
3.4 
30.1 
PbMOg ^ 2^0 A 
B 
C 
0.2 
0.2 
0.2 
0.03 
0.03 
0.03 : 
76.2 
76.5 
68.1 
11.8 
11.6 
15.7 
11.9 
11.6 
16.1 
. 2^8 A 
B 
C 
0.1 
0.1 
0.1 
0.05 
0.04 
0.06 
47.0 
, 39.3 
46.6 
27.9 
32.5 
27.8 
25.0 
28.1 
25.5 
Intermediate cation Compounds 
A 
B 
C 
0.1 
0.17 
0.40 
0.08 
0.10 
0.23 
26.0 
27.8 
26.5 
41.8 
40.5 
41.8 
32.1 
31.6 
31.4 
2®8 A 
B 
C 
0.33 
0.33 
0.2 
0.18 
0.18 
0.08 
28.8 
25.7 
28.9 
39.7 
42.2 
40.1 
31.3 
31.9 
30.9 
Small cation compounds 
: 
^"3.2^°6®8 A 
B 
C 
0.1 
0.44 
0.30 
0.07 
0.25 
0.17 
41.5 
49.2 
51.2 
31.4 
25.8 
23.9 
27.0 
24.7 
24.7 
Cu^ pMo.Sq A 0.20 0.10 53.8 23.2 22.9 
^ B 0.37 0.19 51.8 24.1 23.9 
C 0.1 0.07 80.0 9.5 10.4 
Fe, qMo.So A 0.1 0.05 91.7 4.2 4.0 
° B 0.1 0.04 82.2 8.6 9.1 
C 0.1 0.04 78.8 10.1 11.1 
Ni-i ftMo^Sp A 0.27 0.14 22.8 46.9 30.1 
B 0.96 0.50 23.7 44.4 31.4 
C 0.68 0.36 26.9 41.5 31.2 
Co, ^Mo.Sp A 0.1 0.06 47.4 26.4 26.1 
B 0.2 0.09 40.9 29.5 29.5 
C 0.1 0.06 46.1 29.7 24.1 
Model MoSo compounds 
Co -S A 2.6 0.76 32.7 38.0 28.5 
B 1.1 0.33 39.2 33.9 26.5 
C 0.71 0.21 45.6 30.0 24.2 
1000°C M0S2 A 2.3 2.05 23.6 42.9 31.4 
B 2.4 2.08 23.9 42.6 31.4 
C 0.75 0.66 44.0 30.0 25.3 
Calculated butene equilibrium at 400°C^ 26.5 43.5 30.0 
A = fresh catalyst 
B = after H^-thiophene pulses 
C = after 2 hr continuous H^-thiophene reaction 
^See reference 114. 
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1-Butene hydrogénation 
Hydrogénation activities were calculated as the rate of 
production of n-butane from 1-butene and were normalized on 
the basis of the initial surface areas of the catalysts. The 
empty reactor produced 0.03% n-butane from 1-butene, and this 
value was subtracted from the n-butane yields before the ac­
tivities were calculated. (Details of the calculations are 
given in Appendix A.) Data are presented in Table 4.4. Hy­
drogénation activities were measured in the pulsed mode in 
order to minimize the potential removal of sulfur from the 
catalysts by the sulfur-free hydrogénation feed. 
The activities were measured at three different times : A) 
freshrB) after 25 pulses of thiophene-hydrogen> and C) after 
two hours of continuous flow thiophene reaction. Except for 
the B and C measurements of Nij^ gMOgSg, the hydrogénation 
activities of the Chevrel phase catalysts are much lower than 
the model M0S2 catalysts. The hydrogénation activities of all 
the fresh Chevrel phase catalysts are between 7 and 30 times 
lower than the fresh MoSg catalysts. Excluding Ni^ gMOgSg, 
the hydrogénation activities of the Chevrel phase catalysts 
after two hours of thiophene reaction are still 2 to 10 times 
lower than the model MoSg catalysts. 
The catalysts also show a wide variation in their ability 
to isomerize the 1-butene-hydrogen pulses to a mixture of 
Table 4.5. Thiophene hydrodesulfurizatlon activities; other stoichlometries 
Catalyst Surface area React. Thio. HDS rate C;, product distribution (%) 
2 (m /gm) time conv. 
(%) 
2 (mdl/sAm > 
xio" 
•± 
n-
butane 
1-
butene 
trans-2-
butene 
cls-2-
butene 
2nd prep. 
0.579+0.012^ 20 
10 
m 
hr 
2.48 
2.20 
• 12.65 
11.23 
0.9 
0.4 
32.2 
40.5 
41.2 
34.6 
25.7 
24.5 
^°1.2'^°6^8 
3rd prep. 
0.531+0.004 20 
10 
m 
hr 
2.37 
2.30 
9.95 
9.66 
0.7 
0.5 
33.4 
37.8 
42.0 
37.4 
23.9 
24.3 
.2®8 0.400+0.007 20 
10 
m 
hr 
1.92 
1.28 
10.03 
6.68 
1.0 
1.0 
54.4 
62.0 
26.0 
23.8 
18.5 
13.2 
''''.92"°6®8 1.23+0.04 20 
10 
m 
hr 
2.38 
2.11 
9.73 
8.62 
__b 
0.9 
52.5 
56.5 
27.2 
24.5 
20.3 
18.1 
SnM°6.2®8 0.388+0.002 20 
10 
m 
hr 
1.90 
1.72 
3.57 
3.24 
0.6 
0.5 
60.7 
63.1 
22.6 
21.3 
16.1 
15.1 
SnMo^Sfl 0.357+0.002 
0.304+0.002 
20 
10 
1.83 
1.62 
9.64 
10.03 
0.6 
0.5 
55.3 
59.4 
27.0 
25.9 
17.1 
14.2 
0.314+0.000 20 
10 
m 
hr 
1.24 
0.41 
1.61 
0.53 
65.0 
64.7 
22.9 
26.0 
12.1 
9.3 
^Errors estimated (95% conf. level) from least squares fit of adsorp. data. 
^Below detection limit. 
^Results based on surface area after reaction. 
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l-butene, cls-2-butene. and krans-2-butene. For example, 
after two hours of thiophene reaction, 80% of the l-hutene 
pulse is unconverted hy CUg gMOgSg; in contrast, only 26% of 
the 1-butene pulse for the AgMOg catalyst remains non-
isomerized. 
Other stoichiometries 
As mentioned previously (see p. 104), the preparation and 
characterization of the Ho^ material was repeated to 
investigate the reproducibility of this material's properties, 
and to investigate the effect of air-exposure on catalytic 
activity. Ho^ ^^o^Sg (2nd prep.) underwent a brief exposure 
to air before the catalytic activity measurements/while 
HOi ^MOgSg (3rd prep.) was handled totally in the absence of 
air. Table 4.5 contains the continuous flow thiophene results 
for these two materials; the results are illustrated graphi­
cally in Figure 4.21. The high degree of thiophene desulfur-
ization activity has been reproduced quite well. The pulsed 
flow thiophene results are shown in Figure 4.22. The very low 
activity of the fresh catalyst has also been reproduced. 1-
Butene hydrogénation activities (Table 4.6) were also quite 
reproducible. Both preparations showed little hydrogénation 
ability. 
Table 4.6. 1-Butene hydrogénation activities: other stoichiometrles (400°C) 
Catalyst HYD rate product distribution (%) 
2 8 (mol/s.m )xlO n-butane 1-butene trans-2-butene cis-2-butene 
HOi^ 2^0030 
2nd prep. 
A 
B 
C 
0.3 
0.2 
0.3 
0.06 
0.05 
0.06 
90.5 
93.3 
31.2 
4.6 
3.2 
38.6 
4.8 
3.4 
30.1 
^°1.2^°6^8 
3rd prep. 
A 
B 
C 
0.1 
0.1 
0.2 
0.04 
0.03 
0.05 
67.3 
77.4 
27.6 
16.1 
10.9 
41.0 
16.5 
11.6 
31.3 
A 
B 
C 
0.2 
0.2 
0.2 
0.03 
0.03 
0.03 
76.2 
; 76.5 
68.1 
11.8 
11.6 
15.7 
11.9 
11.8 
16.1 
^^.92^°6^8 A 
B 
C 
0.3 
0.70 
0.2 
0.08 
0.19 
0.06 
69.3 
39.3 
41.4 
16.2 
33.9 
32.1 
14.4 
26.6 
26.4 
A = fresh catalyst 
B = after H2-thlophene pulses 
C = after 2 hr continuous Hg-thiophene reaction 
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The continuous flow thlophene desulfurization results for 
the tin and lead Chevrel phase compounds prepared with various 
stoichlometrles are given in Table 4.5. As illustrated in 
Figures 4.23 and 4.24, both PhMOg Pb have 
similar continuous and pulsed thlophene desulfurization activ­
ities. Except for Pb 92^°6^8 the thlophene-hydrogen 
pulses (the B state), these two materials have low and similar 
hydrogénation activities (Table 4.6). 
Compared to the lead materials, changes in the stoichiom-
etry of the tin Chevrel phase have a drsunatic effect on the 
catalytic properties. After 10 hours of thlophene reaction 
(see Table 4.5 and Figure 4.23), SnMOgSg is 3.1 times more 
active than SnMOg2Sgr which is in turn 6.1 times more active 
than Sn^ 2'^OgSg. After the first three thlophene-hydrogen 
pulses of the pulsed thlophene activity measurements, SnMOgSg 
and SnMOg gSg have similar and slowly declining activities 
(Figure 4.24). The pulsed activity of Sn^ g^OgSg is lower, 
increasing over about the first 6 pulses, after îdiich a uni­
form activity is observed. 
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Discussion of Results 
Hydrodesulfurization activity 
The thiophene hydrodesulfurization activities of the 
Chevrel phase catalysts examined were comparable to those of 
the model unpromoted and cobalt-promoted MoSg catalysts (Table 
4.3). Surface structure-based comparisons of activities of 
M0S2 systems pose some challenges, however. The anisotropic 
structure of MoSg allows the existence of various ratios of 
the edge-to-basal-plane areas, and only very poor correlations 
between BET surface areas and hydrodesulfurization activities 
have been found (48). The normalization of activities by 
surface area in this study may bias the "intrinsic" kinetic 
paraimeters and somewhat alter the ordering of the catalysts 
according to activity; nevertheless, the high desulfurization 
activity of the (%hevrel phase catalysts is clear. The results 
of the M0S2-based catalysts have been presented for purposes 
of crude comparison only. Within the isostructural group of 
(Hievrel phases, with their similar surface areas, more defi­
nite comparisons can be made. 
Figure 4.25 Illustrates the average desulfurization ac­
tivities of all the large, all the intermediate, and all the 
small cation compounds studied, after 20 minutes and 10 hours 
of reaction. At both times, the activity is highest for the 
large cation compounds, followed by the intermediate cation 
compounds, with the small cation compounds being the least 
active. However, the differences in activity between the 
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different classes of materials become larger with increasing 
reaction time. 
Interestingly, the cobalt and nickel Chevrel phase cata­
lysts are among the least active catalysts studied, even 
though cobalt and nickel are the most widely used promoters in 
conventional hydrodesulfurization catalysts. It is the incor­
poration of the unusual "promoters" holmium, lead, and tin in 
the Chevrel phase structure which result in the most active 
catalysts. 
Butene distribution Within the Chevrel phases, there 
exist quite dramatic differences in the distribution of the 
butenes produced from thiophene hydrodesulfurization. For 
example, after 10 hours of reaction, 63% of the C^ hydrocar­
bons produced from SnMo^ 2^3 1-butene, versus 35% for 
Ni^ gMOgSg (Table 4.3). None of the materials gives the ther­
modynamic equilibrium distribution of the butenes (400°C): 26% 
1-butene, 44% trans-2-butene, and 30% cis-2-butene (114). 
Excess 1-butene is produced from all catalysts. 
Large differences also exist in the ability of the mate­
rials to isomerize 1-butene to a mixture of 1-butene, cis-2-
butene, and t ran s-2-butene. as measured in the hydrogénation 
activity measurements. For example, after two hours of thio­
phene reaction of the Fe^ 5^°6®8 catalyst, 79% of a 1-butene-
hydrogen pulse is the nonisomerized 1-butene, versus only 27% 
for AgMOg (Table 4.4). 
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The abilities to isomerize l-hutene and to give a "close 
to equilibrium" distribution of the butenes produced from 
thiophene are related—materials with low 1-butene isomeriza-
tion capabilities also give high percentages of 1-butene from 
thiophene desulfurization. This relationship can be estab­
lished by comparing the distribution of the butenes originat­
ing from thiophene desulfurization after two hours of reaction 
(Table 4.3), to the distribution produced from the 1-butene 
isomerization (hydrogénation) measurements performed after two 
hours of thiophene reaction (Table 4.4). Ho^ 2^0533 produces 
32% 1-butene from thiophene, and 31% 1-butene from the 1-
butene-hydrogen feed; similarly, PbMOg 56% and 68%; 
SnMOg 2S8 ' 60% and 47%; AgMOg ' 4-2% and 27%; InMOg 2^8 ' 57% 
and 51%; Fe^ ^ MOgSg, 61% and 79%; Ni^ ^Mo^Sg, 37% and 27%; 
Co^ yMOgSg, 46% and 46%; Co 25"Mo^-S, 37% and 46%; and finally 
1000°C M0S2, 47% and 44%. Clearly, large amounts of 1-butene 
from thiophene correspond to large amounts of nonisomerized 1-
butene from a 1-butene-hydrogen feed (i.e., low isomerization 
abilities). 
Kolboe and Amberg (81) have shown that for the hydrode-
sulfurization of thiophene over M0S2 catalysts, the relative 
concentration of butenes departs significantly from the equi­
librium distribution upon going to low conversions (less than 
0.5%), with 1-butene becoming the primary product. If 1-
butene were the initial product of thiophene desulfurization, 
then 1-butene would be more readily observed for low 
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conversions or for catalysts having little isomerization 
capability. This is thought to be the case here. For some of 
the Chevrel phase catalysts (notably PbMOg 2^8' 2^8' 
Fe^ gMOgSg), low butene isomerization abilities allows the 
predominance of 1-butene to be seen at higher conversions than 
the MoS^-based materials. 
Pulsed hvdrodesulfurization activities 
After the first few pulses, the majority of the fresh 
Chevrel phases had pulsed thiophene desulfurization activities 
comparable to each other and to the MoS^-based catalysts (Fig­
ures 4.18, 4.19, and 4.20). However, fresh Fe^ gMo^Sg and 
both fresh Ho^^ 2^°6^8 samples had very low activities. For 
Fe^ gMOgSg, the XPS characterization showed that the surface 
was enriched in iron and contaminated by a considerable amount 
of oxygen. The oxygen contamination probably results from the 
tendency of iron sulfides to wet, and thus, react with fused-
silica reaction vessels. The removal of the oxygen by the 
thiophene-hydrogen pulses, exposing the active molybdenum 
sites, offers an explanation of the slow increase observed in 
the pulsed activity. 
For Ho2 2^°6^8' pulsed activity, in addition to being 
low, changes little over the course of 10 pulses. The nature 
of the change which occurs in the catalyst between the last 
pulse and 20 minutes of continuous flow thiophene reaction, 
when high activity is observed, is not known. It was not 
155 
possible to obtain the XPS spectra of holmium, and the possi­
bility exists that some changes take place in the surface 
holmium species. Further characterization by other surface 
sensitive techniques (LEISS or Auger spectroscopy, for ex­
ample) could shed some light on this unexplained result. 
For the Co^MOgSg and Ni^ gMOgSg materials, catalytic 
activity increased quite rapidly and steadily with the in­
creasing number of pulses. For Co^OgSg, the amount of M0S2 
Impurities increases after reaction, and there is extensive 
oxidation of the surface molybdenum atoms. For Ni^ gMo^Sg, 
there is a drastic loss of nickel from the surface under reac­
tion conditions (Table 4.1). If these changes occur rapidly, 
at leastto some degree, then this surface reconstruction 
process could result in a temporarily highly active phase. 
Other stoichiometries 
The investigation of various stoichiometries for the lead 
and tin Chevrel phases revealed some interesting features. A 
relatively small change in the stoichiometry of the lead phase 
changes the thiophene desulfurization activity little. Both 
Pb g^MOgSg (Pb/Mo = 0.153) and PbMOg (Pb/Mo = 0.161) had 
similar continuous flow thiophene desulfurization activities 
(Figure 4.23). However, changes in the nominal composition of 
the tin Chevrel phase catalysts had drastic effects on cata­
lytic activity. SnMo^Sp (Sn/Mo = 0.167), contaminated with 
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MoS2f had. a higher activity than SnMOg (Sn/Mo = 0.161), 
which was contaminated by a small amount of unreacted molybde­
num. Both of these materials were considerably more active 
than Sn^ gMo^Sg (Figure 4.23), for which both a loss of tin 
and contamination by metallic tin was suspected. It is 
thought that these differences in activity are not caused by 
the presence of the impurity phases, but are the result of 
changes in the bulk and surface properties of the Chevrel 
phase itself. The degree to which catalytic activity was 
affected by compositional changes warrants a more detailed 
investigation of both the tin and other Chevrel phase systems. 
More extensive physical and catalytic characterization could 
pinpoint the important parameters. 
Bulk structure at-.a"hilitv 
X-ray diffraction and laser Raman spectroscopy analysis 
have demonstrated the stability of the bulk structure of the 
Chevrel phase compounds under reaction conditions. No loss of 
crystallinity or formation of other phases was observed with 
x-ray diffraction. Only for SnMOgSg was crystalline MoSg 
observed in any fresh or used catalysts. Poorly-crystalline 
M0S2 impurities were observed with Raman spectroscopy for none 
of the fresh or used catalysts, with the exception of the 
Co^MOgSg materials, and the possible exception of used 
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Surface seecies a-hai^iiitv 
XPS analysis (Table 4.1 and Figure 4.5) indicates that 
the stability of reduced molybdenum oxidation states with 
respect to surface oxidation can be correlated with the struc­
tural properties of the Chevrel phase compounds. For the 
large cation compounds, molybdenum underwent no apparent oxi­
dation under reaction conditions. For the intermediate cation 
compound AgMOg 2^8' ^  increase of nearly 1 eV in the Mo 3dgy2 
binding energy after reaction indicated molybdenum oxidation. 
However, the final Mo Sdg^g binding energy of 227.5 eV still 
represents a "reduced" molybdenum state which is comparable to 
the values found for the majority of fresh catalysts. A small 
degree of bxidation to Mo"*"^ was apparent for the other inter­
mediate cation compound InMOg 2^8* Except for Ni^ gMOgSg, all 
small cation compounds clearly exhibited some formation of a 
Mo^^ state after reaction. This oxidation was greatest in the 
Co^MOgSg compounds, for which the amount of NoS^, as deter­
mined by Raman spectroscopy, was also found to increase after 
reaction. For Ni^^ gMOgSg, the Mo 3d doublet was found to 
broaden after reaction, indicating the possible formation of a 
distribution of surface molybdenum states. 
For the small and intermediate cation compounds, the 
oxidation of the surface molybdenum was also accompanied by a 
loss of the ternary component from the surface (Table 4.1). 
However, the large cation compounds PbMOg 2^8' 92^°6^8 
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(Table 4.2), and SnMOg exhibit no change in the ternary 
component surface concentration as a result of thiophene 
reaction. 
For the Chevrel phase materials, the presence of the 
ternary component is necessary for stability. For example, 
the binary MOgSg cannot be formed directly from the elements; 
rather, it can be produced only by leaching out the ternary 
component from a small cation compound. While ternary Chevrel 
phases are stable at high temperature (melting points of 
around 1700°C (60)), MOgSg decomposes at about 400°C (64). 
Experiments performed here have revealed the formation of 
large amounts of M0S2 (established by Raman spectroscopy) for 
MOgSg after thiophene reaction times as shortas two hours and 
at temperatures as low as 300°C (Figure 4.13). Thus, the loss 
of the ternary component from the surface of the small and 
intermediate cation compounds can result in a material which 
is unstable towards partial oxidation. 
Ternary component delocalization 
The movement of the ternary metal is related to the po­
tential "delocalization" of ternary atoms from their crystal-
lographic positions in the (Chevrel phase structure. For the 
small cation compounds, a high degree of delocalization (55) 
leads to large ionic conductivities, even at low temperatures 
(65). For these materials, it is possible to electrochemical-
ly insert or remove the ternary component at room temperature 
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(66). Under hydrodesulfurization conditions, the ternary 
metal atoms can "retreat" into the bulk structure. 
The degree of delocalization is small for the large cati­
on compounds (55). It is not possible to electrochemically 
insert or remove the ternary component for these structures 
(68). Recently (67), PbMOgSg and SnMOgSg have been success­
fully synthesized by thermally Inserting lead and tin atoms 
into MOgSg. Moderately high temperatures (470°C) and long 
reaction times (1 to 3 weeks) were required to overcome the 
low mobility of the ternary component atoms in the structure. 
This low mobility of the ternary metal for the large cation 
materials slows or prevents its possible movement under the 
reactor conditions of hydrodesulfurizatioh. 
Figure 4.26 shows the relationship between the amount of 
ternary component delocalization and thiophene desulfurization 
activity after 10 hours of reaction for the Chevrel phase 
materials studied. Clearly, the more immobile the ternary 
atom is in the structure, the greater the long-term catalytic 
activity. This relationship also provides a prediction of the 
activities of as-yet uncharacterized (Zhevrel phases. For 
example, the rare-earth elements all have "large" cations and 
low degrees of delocalization in the Chevrel phase structure. 
The delocalization is smallest for the largest of these cati­
ons, lanthanum (55). Therefore, all the rare-earth Chevrel 
phase materials, and in particular the lanthanum phase, would 
be predicted to have high desulfurization activities. An 
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Interesting study would utilize the "lanthanide contraction" 
(116) by following the activities of the rare earth series as 
a function of the smoothly varying ionic radii and correspond­
ing delocalizations of the rare-earth cations. 
Hydrogénation activity 
With the exception of Ni^ gMOgSg, the low hydrogénation 
activities of the Chevrel phase catalysts clearly distinguish 
them from the model MoSg catalysts (see Tables 4.4 and 4.6). 
The combination of high hydrodesulfurization activity and low 
hydrogénation activity of the Chevrel phases results in highly 
selective catalysts. Figure 4.27 shows the ratio of hydrode­
sulfurization to hydrogénation activities after two hours of 
reaction for the Chevrel phase and MoS2-based catalysts. The 
high selectivity of the majority of the Chevrel phase cata­
lysts is evident. This selectivity is not entirely unexpected 
since it is well-known that for conventional Co(Ni)Mo/Al202 
catalysts the promotional effects of cobalt and nickel are 
much higher for hydrodesulfurization than for hydrogénation 
(45). 
Nature of catalytic sites 
Hydrogénation and hydrodesulfurization are thought to 
occur at distinct sites on conventional Co(Ni)Mo/Al202 cata­
lysts. Massoth et aJ.. (44) proposed that hydrodesulfization 
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occurs at vacancies on corner sites of MoS? structures, while 
hydrogénation occurs at vacancies on edge sites. The isotrop­
ic nature of the Ch.evrel phase catalysts would, in contrast, 
provide only a few distinct types of geometrical sites, re­
sulting in a high degree of catalytic selectivity. 
Alternately, Candia et aA. (45) have proposed that the 
two distinct sites of Co(Ni)Mo/Al202 catalysts are unpromoted 
molybdenum atoms and cobalt- or nickel-promoted molybdenum 
atoms. While the hydrogénation activity is thought to be 
about the same for either type of site, the promoted sites are 
thought to be have much higher desulfurization activity; thus, 
the latter activity is primarily determined by the concentra­
tion of these promoted sites. The uniform nature of the Chev-
rel phase compounds, with their direct incorporation of "pro­
moter" atoms, should result in catalysts primarily with "pro­
moted" sites. The high desulfurization and low hydrogénation 
activity of these "promoted" sites—and the concomitant lack 
of "unpromoted" sites—would be expected to result in high 
desulfurization rates and low hydrogénation rates. For 
Ni^ gMOgSg following reaction, very little nickel was found at 
the catalyst surface (Table 4.1). This lack of "promoter" 
atoms necessitated the formation of unpromoted sites, offering 
an explanation for the high hydrogénation activity of 
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Reduced molybdenum states 
These Investigations using Chevrel phase compounds also 
have permitted the effect of reduced oxidation states to be 
studied directly. The catalytic role of reduced molybdenum 
states, i.e., states less than Mo^^, has recently been ad­
dressed by other researchers also. (See Chapter 2 for further 
details.) For example, Konings et aJ. (12) correlated a Mo*^ 
(W*^^) ESR signal from supported molybdenum and tungsten cata­
lysts with thiophene hydrodesulfurization activity. Valyon 
and Hall (15), after examining the chemisorption of Og and NO 
on reduced and sulfided M0/AI2O3 catalysts, proposed that 
chemisorption occurs at the anion vacancy sites of adjacent 
Mo^^ atoms. Interestingly, Og chemisorption has been corre­
lated with hydrodesulfurization activity for both unsupported' 
M0S2 (48) catalysts and Mo/AlgOg (47). For conventional, 
sulfided hydrodesulfurization catalysts, the predominance of 
+4 the Mo state may obscure the presence of a catalytically 
important, reduced molybdenum state (15). Furthermore, the 
degree to which the dominant molybdenum oxidation state may be 
altered in these materials is limited. 
The Œevrel phase catalysts, as confirmed with XPS analy­
sis, allow direct synthesis of reduced molybdenum states. The 
hydrodesulfurization activity of these catalysts is high and 
comparable to model conventional catalysts. The most impor­
tant fact, however, is that the hydrodesulfurization activity 
is highest for the most steible—and thus the most 
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reduced—Chevrel phase compounds. 
It is of interest to examine how a systematic variation 
of the (low) molybdenum oxidation state in the Chevrel phase 
compounds affects the catalytic activity. This relationship 
was examined to some extent in the measurements using the 
COxMOgSg series of catalysts. The abscissa of Figure 4.17 is 
also proportional to the formal molybdenum oxidation state 
expected for these materials; Co^ ^ MOgSg corresponds to 
and Co^ ^Mo^Sg corresponds to (assuming Co"*"^). 
After 20 minutes of reaction, hydrodesulfurlzatlon activity 
increases in a roughly linear manner with decreasing molybde­
num oxidation state. The loss of this relationship after 10 
hours of reaction is thought to be due to the poor stability 
of the surface of the cobalt Chevrel phases under reaction 
conditions. The retreat of cobalt into the lattice and the 
accompanying partial oxidation of molybdenum under reaction 
conditions could result in a series of materials having uni­
form surface and catalytic properties. 
Changes in the molybdenum oxidation state can also be 
examined using the results of the intermediate and large cati­
on (Thevrel phase compounds for which no molybdenum oxidation 
occurred after reaction. (InMOg is excluded due to its 
partial, though limited, surface oxidation (Figure 4.5).) 
Figure 4.28 shows the thiophene desulfurizatlon activity (10 
hours) versus the number of valence molybdenum electrons per 
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MOc cluster. The tin, lead, and holmium activity values rep-
O 
resent the average of all the materials of various composition 
studied. The number of valence electrons per cluster (VEC) is 
proportional to the formal molybdenum oxidation state: a VEC 
of 21 (Ag"*"^) corresponds to a VEC of 22 (Sn"*"^ and 
Pb^^) corresponds to and a VEC of 23 (Ho^^) corre­
sponds to 
Here, as with the Co^MOgSg series, the rate of thiophene 
hydrodesulfurization increases with decreasing molybdenum 
oxidation state. The question arises as to whether this rela­
tionship is simply an artifact of the differing degrees of 
delocalization of the ternary components in the materials 
(Figure 4.27). At this point, it is not possible to distin­
guish which of these two parameters (delocalization or oxida­
tion state) has a greater effect on the catalytic activity of 
the Chevrel phases—or even if they are separable parameters. 
Conventional hvdrodesulfurization catalysts 
The catalytic role of reduced molybdenum species, deduced 
here through the use of the (Zhevrel phase compounds, has im­
plications to the role of promoter elements in conventional 
Co(Ni)Mo/Al202 catalysts. For these materials, it is sug­
gested that the cobalt and nickel increase (or stabilize) the 
number of reduced molybdenum sites, i.e., the active, promoted 
hydrodesulfurization sites of Candia et a^. (45). The Chevrel 
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phase compounds demonstrate that this function can be per­
formed by other elements: lead, tin, and holmium, for example. 
The apparent inability Cor lack of the discovery of the 
ability) of these other elements to stabilize reduced molybde­
num species in conventional hydrodesulfurization catalysts is 
most likely related to the preparation route of these materi­
als. The use of Mo"*"^ oxides as starting materials leads to 
the predominance of MoSg structures in the working catalyst. 
For these structures prepared in this manner, the promotional 
effect of cobalt and nickel may be unique. That is, other 
elements (lead, for example) may not be able to occupy the 
MoSg crystallite edge positions like cobalt and nickel. How­
ever,the "promotional" effect of cobalt and nickel is defi­
nitely not unique to the catalytically active, reduced molyb­
denum of the Chevrel phases. 
For conventional MoS2-based catalysts, the anisotropic 
M0S2 structure and the nonuniform incorporation of promoters 
results in a variety of types of sites. This results in a 
loss of potential activity and a loss over the control of 
selectivity. It is thought that innovative preparation proce­
dures can produce high surface area, supported catalysts which 
utilize some of the unusual promoters of this study, resulting 
in more active and selective industrial catalysts. 
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CHAPTER 5. RESULTS AND DISCUSSION: 
DEUTEKIUM-THIOPHENE EXCHANGE MEASUREMENTS 
This chapter contains the results and discussion of the 
deuterium-thiophene exchange experiments. Here, deuterium was 
used in place of protium in the reactor feed allowing the 
determination of the amount of deuterium in the nondesulfur-
ized thiophene and in the thiophene desulfurization products 
of HgS and the C^ hydrocarbons. These experiments were under­
taken to obtain information about the mechanism and pathways 
of thiophene hydrodesulfurization. The first section contains 
the results of the experiments, while the second section con­
tains a discussion of these results. 
Nomenclature When the distinction is not important, 
the word "hydrogen" is generically applied to either protium 
or deuterium, or both. When the distinction is important, the 
exact names (protium or deuterium) or the symbols (H or D) are 
used. The symbol HgS will refer to all deuterium isomers of 
hydrogen sulfide, unless otherwise indicated. 
Deuterium-Thiophene Exchange Results 
Determination of deuterium distributions 
As described in detail in Chapter 3, the deuterium-
exchange measurements were performed under conditions very 
similar to the thiophene hydrodesulfurization activity mea­
surements (Chapter 4). Reactor loadings of the catalysts were 
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adjusted to give thlophene hydrodesulfurization conversions of 
about 4% after 2 hours of reaction. 
While described in detail in Appendix C, the experimental 
procedure used to calculate the deuterium distributions of the 
reaction products deserves some highlighting here. The deute­
rium distribution is a series of numbers dg, d^, . . . d^^ 
where d^^ represents the fraction of a component containing m 
deuterium atoms. Given these values, the calculation of the 
average (mean) number of deuterium atoms (D.N.) in a component 
is straightforward: 
N 
D.N. = 2 id. 
i = l ^ 
where N equals the number of hydrogen atoms in a molecule. 
Data corrections The deuterium distributions were 
calculated from the intensities of the molecular ion peaks of 
the mass spectrometer data. The replacement of a protium atom 
by a deuterium atom in a molecule increases the molecular 
weight by one, giving a distinct molecular weight for each 
deuterium isomer of a component. However, the mass spectrome­
ter data must be corrected for two effects. First, each deu­
terium isomer, in addition to giving a molecular ion of mass 
M, produces peaks of higher mass due to the presence of natu­
rally occurring heavy isotopes. Here, the hydrocarbons and 
thiophene peaks heights were corrected for naturally occurring 
which results in a M+1 peak. The HgS and thiophene peaks 
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heights were corrected for contributions, which result in 
a. M+2 peak. 
The need for the second correction of the raw mass spec­
trometer data arises from the cracking (or fragmentation) of 
the molecular ions. Here, low ionization energies (18.0 eV, 
nominal) were used in order to reduce fragmentation. The mass 
M-1 ion peak heights, resulting from the loss of one protium 
atom, were about 9% of the mass M molecular ion peak heights 
for all reaction products. The mass M-2 ion peak heights, 
resulting from the loss of two protium atoms, ranged from 
values as low as 0.17% (HgS) to as high as 0.74% (1-butene) of 
the mass M molecular ion peak heights. This low production of 
M-2 ions allowed their presence to be neglected; therefore, 
corrections were made only for the loss of one hydrogen atom. 
This correction was done in a statistical manner, assuming 
equal probaibilities for the loss of a protium or a deuterium 
atom. 
Figures 5.1, 5.2, and 5.3 illustrate typical uncorrected 
output from the mass spectrometer for the deuterium isomers of 
thiophene, HgS, and the hydrocarbons, respectively. (The 
same outputs, after the correction factors have been applied, 
are illustrated in Appendix C.) The results are shown as 
single ion mass chromatograms, that is, the intensity of a 
single mass number as a function of time (scan number). Fig­
ure 5.3 shows that the column of the GC not only separates one 
Table 5.1. Deuterlum-thlophene exchange data, 2 hr reaction 
catalyst thlo. Cg lao- 1-butene cls-2- trana-2- buta- HgS thlo-
conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (.%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
1000°C M0S2 3.88 4.0 5.2 37.8 5.82 21.6 5.71 28.0 5.59 3.4 4.01 0.053 1.86 
Co 25-Mo^-S 4.36 5.8 1.3 34.2 5.61 24.5 5.77 27.4 5.77 6.8 3.54 0.043 0.36 
Hoi gMOgSg 3.68 2.3 2.3 34.8 4.99 23.9 5.05 29.4 5.04 7.3 3.41 0.130 0.56 
PbMOg 2^0 4.10 2.0 0.5 55.1 5.36 19.1 5.54 16.8 5.53 6.5 3.59 0.090 0.17 
SnMOg 208 4.07 1.9 1.7 52.4 5.02 18.3 5.31 20.4 5.26 5.3 3.31 0.068 0.21 
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hydrocarbon component from another, but also partially sepa­
rates the different deuterium isomers of a component. For 
example, the 1-butene containing no deuterium (dg, mass 56) is 
seen to be almost completely separated from the totally deu-
terated 1-butene Cdg, mass 64). This presented no experimen­
tal problems in that the peak height corrections were done for 
each individual scan, with the resulting corrected peak height 
values then being summed and averaged over the entire GC com­
ponent peak (see Appendix C). 
Table 5.1 summarizes the thiophene exchange results for 
the various catalysts studied (1000°C M0S2 f Co ^g-Mo^-S, 
Ho^ ^MOgSg (2nd prep.), PbMOg 2^8' SnMOg 2^8^ after 2 
hours of reaction. Included are the thiophene hydrodesulfur-
ization conversions, the hydrocarbon product distributions, 
and the mean deuterium numbers (D.N.) for the nondesulfurized 
thiophene and the desulfurization products of H^S and the C^ 
hydrocarbons. (No attempt was made to determine the deuterium 
distributions of the reaction products which were not sepa­
rated by the GC, i.e., the overlapping isobutene and n-butane 
peaks and the overlapping C^ hydrocarbons peaks were ignored.) 
Reproducibility The deuterium distributions and the 
deuterium numbers reported are reproducible results. Table 
5.2 summarizes the results of two separate experiments using 
the same reactor loadings of 1000°C M0S2. The deuterium num­
bers for the two experiments are very similar. Generally, the 
Table 5.2. Deuterlum-thlophene exchange data, 2 hr reaction 1000°C MoSg 
reaction thlo. Cg lao- 1-butene cls-2- trana-2- buta- HgS thlo-
tlme conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
1000°C MoS 
20 min 
first 
9.19 
experiment 
2.6 4.5 34.1 6. 63 25. 5 6. 59 31.8 6.47 1. 5 4. 55 0. 013 2.34 
2 hr 3.88 4.0 5.2 37.8 5. 82 21. 6 5. 71 28.0 5.59 3. 4 4. 01 0. 053 1.86 
6 hr 2.46 5.3 6.0 39.5 5. 37 18. 3:. 17 24.5 5.12 6. 4 3. 46 0. 053 1.23 
1000°C MoS 
20 min 
second experiment 
8.73 2.8 4.3 34.5 6. 56 25. 3 6. 54 31.5 6.42 1. 6 4. 44 0. 012 2.26 
2 hr 3.53 4.8 5.2 38.8 5. 63 20. 5 ;5. 50 26.7 5.38 4. 0 3. 88 0. 040 1.71 
6 hr 2.17 5.9 6.3 39.7 5. 22 17. 0 4. 99 23.1 4.97 8. 0 3. 31 0. 038 0.98 
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deuterium numbers of the second experiment are lower than the 
first (the results reported in Table 5.1), as is expected 
since the thiophene conversions are also lower. Indeed, the 
limiting factor in the reproducibility of the deuterium dis­
tribution data was not the mass spectrometer measurements, but 
was the difficulty of reproducing a thiophene conversion level 
in the flow reactor. 
Most importantly, the trends with respect to reaction 
time (and/or conversion) are the same for both experiments 
using 1000°C MoSg. The deuterium numbers of thiophene are 
high and decline with reaction time, while the deuterium num­
bers of H2S are low and tend to increase with reaction time. 
For both experiments at all reaction times, the deuterium 
number of 1-butene is greater than that of cis-2-butene, which 
in turn is greater than that of trans-2-butene. Figures 5.4 
and 5.5 show the complete hydrocarbon deuterium distribu­
tions of the first and second experiments, respectively. The 
individual d^ values are reproduced quite well, with the same 
trends and "peak shapes" being observed in both experiments. 
Several experiments were done using a protium-thiophene 
feed in place of the deuterium-thiophene feed under the 
deuterium-thiophene exchange reaction conditions. Within the 
experimental accuracy estimated for the results, no differ­
ences in the rates of thiophene hydrodesulfurization were 
observed between the protium and deuterium based feeds.. 
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Figure 5.4. hydrocarbon deuterium distribution from 1st 1000°C MoS 
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Deuterium distribution of thiophene 
Table 5.3 details the average amount of deuterium in the 
nondesulfurized thiophene for the various catalysts after 2 
hours of reaction and at approximately 4% hydrodesulfurization 
conversion. The thiophene deuterium numbers are illustrated 
graphically in Figure 5.6. Quite surprisingly, a very large 
difference exists between the unpromoted and "promoted" cata­
lysts. 1000°C MoSg incorporates 3.3 times more deuterium into 
thiophene than does Ho^ gMOgSg, 5.2 times more than Co 25~^°i~ 
S, 8.9 times more than SnMOg 2^8' 10.9 times more than 
PbMog 2^8* that 1000°C M0S2 was the least active catalyst 
for thiophene hydrodesulfurization, the ability to exchange 
the hydrogens of thiophene is found hot to be directly related 
to the ability to desulfurize thiophene. 
The complete, distributions of deuterium in thiophene for 
the various catalysts are also given in Table 5.3. For 1000°C 
MoSgi, the majority of the thiophene contains 2 deuterium atoms 
(dg = 61.8%) and only a small fraction contains no deuterium 
atoms (dg = 1.2%) or four deuterium atoms (d^ = 0.6%). For 
the other catalysts, the major fraction of the thiophene has 
no deuterium present (dg = 54.3 to 84.5%), a smaller fraction 
contains one deuterium (d^ = 14.4 to 35.9%). Only small frac­
tions contain two (dg = 1.1 to 9.6%) or three (d^ = 0.0 to 
0.2%) deuteriums, and no fraction contains four deuteriums. 
Table 5.3. Deuterium distributions of H^S and thlophene, 2 hr reaction 
catalyst H2S 
1 = 0  D.N. 
thlophene 
d. 
1 = 0  4 D.N. 
lOOO^r MoS. 95.6 3.5 0.9 0.053 1.2 24.9 61.8 11.5 0.6 1.86 
Co 25-Mo^-S 96.6 2.5 0.9 0.043 70.6 22.7 6.5 0.2 0.0 0.36 
M°l.2^06^8 87.7 11.1 1.2 0.130 54.3 35.9 9.6 0.2 0.0 0.56 
PbM06.2S8 92.1 6.9 1.0 0.090 84.5 14.4 1.1 0.0 0.0 0.17 
2^8 93.9 5.4 0.7 0.068 80.8 17.6 1.6 0.0 0.0 0.21 
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Figure 5.7 clearly Illustrates that the amount of deute­
rium incorporated into thiophene decreases monotonically with 
decreasing conversion. For 1000°C, MoSg the conversion de­
creases by a factor of 0.27 over the course of 6 hours of 
reaction, while the thiophene deuterium number decreases by a 
factor of 0.53. For Ho^ conversion decreases by a 
factor of 0.93, while the thiophene deuterium number decreases 
by a factor of 0.84. 
Deuterium distribution of hydrogen sulfide 
For the various catalysts studied, the deuterium distri­
butions and deuterium numbers of the thiophene desulfurization 
product HgS are given in Table 5.3. One point is immediately 
obvious: for all the catalysts, the H2S produced contains 
almost no deuterium. On the average, the H2S produced over 
the five catalysts after 2 hours of reaction contains only 
0.077 deuterium atoms out of a possible value of 2. Co 25" 
Mo^-S produces the least amount of deuterium in HgS, D.N. = 
0.043, while Ho^ the most, D.N. = 0.13. These 
results are quite surprising since the feed consists of 50 
moles of D2 for every mole of thiophene. The small amount of 
deuterium which does occur is present in the HDS isomer (d^ = 
2.5 to 11.1%) and not the D2S isomer (d2 = 0.7 to 1.2%). 
For all the catalysts, the deuterium numbers of H2S, 
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although, oscillating somewhat in value as a function of 
reaction time, show an overall increase in value with increas­
ing reaction time (Figure 5.8). After 20 minutes of reaction, 
1000°C M0S2 produces 9.19% conversion and a H2S deuterium 
number of 0.013. After 6 hours of reaction, the conversion 
has decreased by a factor a 0.27 (to 2.46%), and the deuterium 
number has increased by a factor of 3.9 (to D.N. = 0.053). 
The largest increase occurs with Ho^ 2MOgSg: from 20 minutes 
to 5 hours of reaction, the thiophene conversion decreases by 
only a factor of only 0.93, while the H2S deuterium number 
increases by a factor of 7.0. Thus, the deuterium number 
appears to be a function of the age of the catalyst, rather 
than the conversion level. 
The oscillation in H2S deuterium number of all the cata­
lysts as a function of reaction time (Figure 5.8) is an inter­
esting result. Typically, the deuterium numbers increase over 
the first 3 samplings (20 minutes, 1 hour 20 minutes, and 2 
hours), decrease for the measurement at 4 hours, and increase 
for the measurement at 6 hours. The oscillations are largest 
for Ho^ 2MOgSg and SnMOg 2^8* oscillations are reproduc­
ible; similar oscillatory behavior was exhibited for the re­
peated 1000°C M0S2 experiment and for a replication with the 
SnMOg 2^8 catalyst. For Ho^ 2MOgSg, a duplicate experiment 
was carried out and reaction products were sampled out to 
reaction times of 7 hours. Again, the H2S deuterium number 
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Increased over the first 2 hours, decreased significantly at 4 
hours, increased at 6 hours, and most importantly, decreased 
at 7 hours to a value 40% of the 6 hour value. 
Whether this oscillatory behavior is a real property of 
the catalyst and the reaction conditions or is an artifact of 
the data acquisition equipment and method is not known. There 
is known no deficiency or characteristic of the experimental 
apparatus which would produce this type of artifact. A de­
tailed examination of the experimental method would be re­
quired to establish the validity of this oscillatory behavior. 
The most important observation, however, is still that the HgS 
deuterium numbers are remarkably low—even considering the 
highest number observed^ D.N. = 0.24 for HoY^Mo^Sg after 6 
hours of reaction. 
Deuterium distribution of hydrocarbons 
The distributions of deuterium in the thlophene desulfur-
Izatlon products of 1,3-butadiene, 1-butene, çis-2-butene, and 
trans-2-butene were also determined. 
Butadiene The GC column used in the exchange experi­
ments allowed the separation of 1,3-butadlene from the bu-
tenes. All catalysts produced 1,3-butadiene (Table 5.1); 
1000°C MoSg produced the least amount (3.4% of the hydrocarbon 
products), while HOj^ gMOgSg produced the greatest amount 
(7.3%). The percentage of the hydrocarbon products which was 
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butadiene increased with decreasing conversion. After 20 
minutes of reaction (9.19% conversion) using the 1000°C M0S2 
catalyst, 1.5% of the hydrocarbons was butadiene, versus 6.4% 
after 6 hours of reaction (2.46% conversion). (See Appendix 
E, Tables E.l through E.4 and Table 5.2 for details.) For 
Co gg-Mo^-S, the relative amount of butadiene increased from 
3.9% (20 minutes reaction, 8.19% conversion) to 9.2% (6 hours 
reaction, 2.95% conversion). 
Deuterium numbers Table 5.1 gives the deuterium num­
bers of the hydrocarbons produced from the MoSg-based and 
Chevrel phase catalysts after 2 hours of thiophene reaction. 
The average deuterium number of the butenes is 5.71 for lOOO^C 
M0S2, 5.72 for Co 25-Mo^-S, 5.03 for Ho^ 5.48 for 
PbMOg 2^8' 5.20 for SnMo^ 2^8' deuterium number of 
butadiene ranges from 4.01 for 1000°C Mo&g to 3.31 for 
SnMOg 2^8* thiophene, but unlike HgS, the deuterium 
numbers of the C^ hydrocarbons decrease with decreasing con­
version (Figure 5.9). For 1000°C Mo&g, a decrease in the 
thiophene conversion by a factor of 0.27 over 6 hours leads to 
significant decreases in the deuterium numbers (Figure 5.9a). 
For Ho2 2MOgSg, the small decrease in desulfurization activity 
over 6 hours of reaction causes only small decreases in the 
deuterium numbers (Figure 5.9b). 
Deuterium distributions The complete deuterium dis­
tributions after 2 hours of reaction are illustrated in 
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Figures 5.4, 5.10, 5.11, 5.12, and 5.13 for 1000°C M0S2, 
Co^25~W°1~S, HO^ 2^°6^8' ^ ^^°6.2^8' ^"^°6.2^8' 
respectively. 
The deuterium distributions of butadiene and the butenes 
are "volcano-shaped". Consider the butadiene distributions 
first. Here, dg is always close to zero. The distributions 
reach a maximum at d^ to d^. The totally deuterated species 
dg comprises a high of 7.0% for 1000° M0S2, and a low of 2.0% 
for SnMOg 2^3 the total butadiene component. 
Now consider the deuterium distributions of the butenes. 
For all 3 butene products of all of the catalysts, dg, d^, and 
d2 are small and close to zero. Interestingly, for the cis-2-
bitene and trans-2-butene produced from Co 25~^°l~^ and 
PbMOg 2^8' ^ 0 greater than d^. All distributions reach a 
maximum at dg to dg. 
For all catalysts but 1000°C M0S2, the cis-2-butene and 
trans-2-butene distributions are nearly identical. However, 
differences exist between the catalysts as to the "closeness" 
of the 2-butene distributions to the 1-butene distribution. 
For Ho2 2MOgSg (Figure 5.11), the 1-butene distribution is 
nearly identical to the distributions of the 2 different 2-
butenes components. For Co 2s-Mo^-S (Figure 5.10), 1-butene 
contains more dg to dg species and less d^ and dg species than 
do the 2-butenes, resulting in a lower deuterium number for 1-
butene (D.N. = 5.61) than the 2-butenes (average D.N. = 5-77). 
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The difference between the distributions of 1-butene and the 
2-butenes is larger still for PbMOg 2^8 (Figure 5.12), and is 
the largest for SnMOg (Figure 5.13). For the latter 
material, D.N. = 5.02 for 1-butene, and D.N. = 5.29 for the 
average of the 2-butenes. 
An entirely different relationship exists for 1000°C 
M0S2. Here, the çis-2-butene and trans-2-butene distributions 
are not that similar and both differ from 1-butene. Of the 3 
distributions, 1-butene contains the smallest amounts of dg to 
dg species and the largest amounts of d^ to dg species. At 
the other extreme, trans-2-butene contains the largest amounts 
of dg to dg species and the smallest amounts of dg to dg spe­
cies .Thus , l-butene contains the highest amount of deuterium 
(D.N. = 5.82), followed by els-2-butene (D.N. = 5.71), which 
is distinct from trans-2-butene (D.N. = 5.59). 
N-proflies In order to gain increased understanding 
of the mechanistic information contained in the hydrocarbon 
deuterium distribution data, the results were modeled by the 
method of the N-proflie (117, 118, 119, 9). The N-profile of 
1-butene, for example, consists of a series of numbers Ng, Nj^, 
. . • Ng, where N^ represents the fraction of the 1-butene 
molecules for which 1 of the hydrogen atoms originate from (or 
are equilibrated at) a source or pool of chemisorbed hydrogen. 
The surface pool of H or D atoms is taken as having a single 
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atomic mole fraction deuterium, Xq. The relationship between 
the N-profile and the deuterium distribution is straightfor­
ward to establish. Let d^(i) be defined to be the fraction of 
molecules in which m of i equilibrated atoms are deuterium 
atoms. Assuming the surface pool to be infinite in size, then 
a binomial distribution describes the probability of choosing 
m deuterium atoms when selecting i total atoms from the pool 
(120): 
The selection of 3^ permits the calculation of the d^(i) val­
ues, which together with the values, permits the calcula­
tion of a set of deuterium distribution values, d^^: 
cal ^ 
In words, each term of this sum represents the fraction of 
species which has gained i hydrogen atoms from the surface, m 
of which are deuterium atoms, multiplied by the total fraction 
of species which has gained i hydrogen atoms. 
What is experimentally known are the d^^ values (i.e., the 
deuterium distribution), while the values contain the more-
desired mechanistic information. The most common method of 
calculation of the N-profile is to "adjust" the values in 
order to obtain the "best" match of the deuterium distribution 
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calculated from the N-profile to the experimental distribu­
tion. This approach was used here. Briefly (see Appendix D 
for details), the and Xg values were selected so as to 
minimize the sum of the squares of the differences (residuals) 
between the calculated and experimental deuterium distribution 
values. 
Two hydrogen atoms must be added to thiophene to form 
butadiene, and 4 atoms added to form butene. Therefore, Nq 
and have been set to zero for butadiene produced from thio­
phene, and Nq, N^, N^, and have been set to zero for butene 
produced from thiophene. In addition, a second set of calcu­
lations was performed setting Nq through Ng to zero for buta­
diene, and Nq through Ng to zero for butene. These calcula­
tions (referred to as restricted N-profiles) were performed as 
an investigation of the Kolboe dehydrosulfurization mechanism 
(see reference 19 and CHaapter 2), in which 2 of the hydrogens 
of thiophene are necessarily lost to form H^S. This leaves a 
C^H2 species which must gain at least 4 and 6 hydrogen atoms 
from the surface to produce butadiene and butene, 
respectively. 
Before discussing the calculated N-profiles, a comment 
concerning their accuracy and validity is warranted. The N-
profile calculation procedure used a "global" minimization 
routine to select the N^ and Xg values which, within their 
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specified limits, produce the best fit. It is possible, how­
ever, to have several local minima in the (N^,Xjj) space which 
will reproduce the experimental, deuterium distributions to 
within the estimated accuracy. In addition, around each glob­
al or local minimum there exists a neighborhood of {N^,Xq) 
space, of admittedly unknown size, within which the desired 
fit is obtained. Thus, the N-profile must be viewed as a 
semi-quantitative model for which the absolute values of the 
results should not be overemphasized. However, the model is 
thought (see ahead) to provide insights into mechanistic con­
siderations when comparisons are made between different 
catalytic systems. 
N-profile results The calculated N-profiles setting 
Nq and to zero for butadiene and to to zero for the 
butenes are given in Figures 5.14, 5.15, 5.16, 5.17, and 5.18 
for 1000°C MoSg, Co 25-MOj^-S, Ho^ ^ Mo^Sg, PbMOg 2^8' 
SnMOg 2^8' respectively, after 2 hours of thiophene reaction. 
The figures also contain the calculated mole fraction deuteri­
um of the surface pool (Xj^) and the sum of the squares of the 
residuals (Q) of the fit. (The numerical values of the N-
profiles and the calculated deuterium distributions are given 
in Appendix E, Tables E.7 through E.ll.) Several general 
comments are in order. 
First, the calculated fits are quite good; all are deemed 
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to be within the experimental accuracy of the deuterium dis­
tributions. Systematically, however, the values calculated 
for dg through dg for the butenes were lower than the experi­
mental values. The best fits for all the hydrocarbon products 
were obtained for Ho^ 2MOgSg. 
Second, with the exception of the N-proflle of cis-2-
butene from Co gg-Mo^-S, the shape of the N-proflle curves 
changes "smoothly" as one goes from butadiene, to 1-butene, to 
çis-2-butene, and finally to trans-2-butene. That is, when 
the butadiene N-proflle shape is quite different from that of 
trans-2-butene, there is a gradual transition between the 
extreme shapes as one proceeds, in the above order, from buta­
diene to trang-2-butene. 
Third, for a given catalyst, the x^ values of all hydro­
carbon products are similar, with the Xg values of the 3 bu-
tene products being the closest to one another. Ho^ ^Mo^Sg 
has the most protlum-rich surface pool; Xg = 0.651 for the 
average of the butenes. For all but PbMOg 2^8' surface 
pool in which butadiene is formed is more deuterium-rich than 
the pools in v^lch any of the butenes are formed. 
Butadiene The N-proflle shapes of butadiene are simi­
lar for all the catalysts. The "volcano-shaped" profiles have 
maxima at N^ to N^. The amount of totally deuterated material 
is highest for PbMOg (Ng = 31.5%), and lowest for 
SnMOg 2^8 (Ng = 3.5%). 
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Butenes The N-profile shapes of the 3 different hu-
tene products vary somewhat between themselves for a given 
catalyst; however, for a given hutene component, considerable 
variation exists between the N-profile shapes of the different 
catalysts. 
SnMo^ 2—8 For SnMOg (Figure 5.18), all three 
butenes have "volcaino-shaped" profiles. The peak maximum is 
at Ng for 1-butene and Ny for the 2-butenes. In addition, the 
Ng value of 1-butene is lower (Ng = 5.8%) than the 2-butene 
values (average Ng = 21.0%), indicating less totally-exchanged 
(equilibrated) species for the former component. 
PbMo^ 2—8 For the butene N-profiles of PbMOg 
(Figure 5.17), the volcanos are less developed—the N^ values 
for high values of 1 do not closely approach zero. All the 
butene N-profiles have maxima at Ny. Like SnMOg 2^8' 
amount of totally-equilibrated species in 1-butene (Ng = 
29.0%) is less than in the 2-butenes (average Ng = 43.6%). 
1000°C MoS. With one exception, the butene N-
profiles of the remainder of the catalysts (1000°C MoSg, 
Co 25~MO^-S, and Ho^ ^ MOgSg) all have maxima at Ng and there­
fore, exhibit no volcano shape. Consider the 1000°C MoSg 
(Figure 5.14) results first. The N-profile of 1-butene in­
creases smoothly from Ng to Ng. For the 2-butenes, the 
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N-proflles assume a "sawtooth" shape between and Ng, and 
the maximum values at Ng are of greater value than those of 1-
butene. This sawtooth type oscillation is similar in shape, 
though lesser in magnitude, to that observed by Blake et al. 
(9) in their static reactor thiophene hydrodesulfurization 
experiments. 
Co 2--Mo^-S For Co 25~^°1~^ (Figure 5.15), the 
1-butene N-profile has a very shallow maximum at N^. For the 
2-butenes, the maximum values of the N-profiles occur at Ng. 
For cis-2-butene, but not for trans-2-butene, the sawtooth 
shape of the 1000°C MoSg 2-butene N-profiles is found. 
Ho^ ^Mo^Sg For Ho^ gMOgSg (Figure 5.16), the N-
profiles of the 3 different butenes are distinct from those of 
the other catalysts, but very similar to each other. For all 
the butenes, the vast majority of the species has been calcu­
lated to be totally equilibrated (Ng = 87.1 to 93.4%). Again 
a sawtooth shape is observed, but the nonzero values of N^ and 
Ng are small compared to Ng. 
Restricted N-proflles The N-profile calculations were 
repeated setting NQ through Ng to zero for butadiene and NQ 
through Ng to zero for the butenes. This forces at least 4 of 
the hydrogens of butadiene and at least 6 of the hydrogens of 
butene to come from the surface pool. Figures 5.19, 5.20, and 
5.21 contain these N-profiles calculated for 1000°C MoSg, 
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Ho^ gMOgSgf and SnMOg 2®8' respectively. (The N-profiles of 
Co gg-Mo^-S and PbMOg 2^3 are illustrated in Figures E.l and 
E.2 of Appendix E.) As detailed in Tables E.7 through E.ll of 
Appendix E, the agreement between the calculated and experi­
mental deuterium distributions of this group of N-profiles, 
while not as good as the first group, is still acceptable in 
terms of the estimated experimental accuracy. 
SnMo^ 2^8 For SnMOg 2^8' N-profile results 
of the second calculation (Figure 5.21) are qualitatively 
similar to the first calculation (Figure 5.18). For the ma­
jority of butadiene, 4 hydrogen positions have been equili­
brated at the surface (N^ = 56.8%). For 1-butene, the majori­
ty of species has 6 hydrogen positions equi1ibrated (Ng = 
58.8%), with lesser amounts of and Ng. For the 2-butenes, 
the majority of molecules has 7 positions equilibrated (aver­
age Ny = 63.5%), with lesser amounts of Ng and Ng. 
Hoj^ ^Mo^Sq For Ho^ 2MOgSg, setting Ng and Ng to 
be zero changes the butadiene N-profile from a "volcano" rela­
tionship (Figure 5.16) to a sawtooth relationship (Figure 
5.20) for which the great majority of the molecules has all 
hydrogen positions equilibrated (Ng = 83.9%). Setting N^ and 
Ng to be zero increases the amount of Ng in all three butene 
profiles and decreases the amount of Ng. Otherwise, the saw­
tooth relationship with the majority of the species being 
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totally exchanged material (Ng) persists. 
1000°C MoS. For 1000°C MoSg, the further con­
straint on the N-profiles of the second calculations (Figure 
5.19) qualitatively changes the butadiene results little. 
Again, the majority of butadiene has 4 positions exchanged (N^ 
= 52.2%)f with lesser amounts having 5 (Ng = 30.7%) and 6 (Ng 
= 17.2%) positions exchanged. The butene N-profiles of the 
second series of calculations also change little qualitatively 
from the first calculations. For 1-butene, the N-profile 
still increases smoothly from Ng to Ng. For the 2-butenes, 
the N^ values decline and the Ng values increase. 
Low conversion experiments 
Several deuterium-exchange experiments were conducted at 
400°C using smaller reactor loadings of catalyst to produce 
lower thiophene conversions. Table 5.4 summarizes the results 
after 2 hours of reaction for the 1000°C M0S2, PbMOg 2^8' 
SnMOg 2^8 catalysts. 
Thiophene deuterium distributions As in the higher 
conversion experiments, 1000°C M0S2 incorporates more deuteri­
um into thiophene (D.N. = 0.142, 0.77% conversion) than does 
PbMOg 2^q (D'N' = 0.016, 0.52% conversion) or SnMOg gSg (D.N. 
= 0.035, 0.99% conversion). The deuterium numbers are again 
found to decrease with decreasing conversion. For 1000°C M0S2 
Table 5.4. Low conversion deuterium-thlophene exchange data, 2 hr reaction 
catalyst thlo. Cg Iso- 1-butene cls-2-
conv. butene butene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. 
1000°C MoSg 0.77 11.5 13.0 33.8 4.51 10.9 3.40 12.5 4.28 18.4 2.96 0.068 0.142 
PbMo^ 0.52 23.9 16.1 46.5 4.49 5.8 1.06 5.3 1.16 12.4 3.41 0.048 0.016 b t Z o 
SnMOg gSg 0.92 8.5 8.4 57.0 5.09 6.7 3.63 4.2 3.64 15.2 3.38 0.047 0.035 
tran3-2- buta- HgS thlo-
butene dlene phene 
(%) D.N. (%) D.N. D.N. D.N. 
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after 20 minutes of reaction, the thiophene deuterium number 
equals 0.52 (1.44% conversion), while after 6 hours of reac­
tion, the deuterium number declines to 0.056 (0.53% 
conversion). 
H-S deuterium distributions The lack of deuterium in 
H2S is also seen in the low conversion results; the average 
deuterium number of the 3 catalysts of Table 5.4 is 0.054. 
For all catalysts, the deuterium numbers show an overall in­
crease in value with increasing reaction time (Figure 5.22), 
even though for PbMOg 2^8' level of thiophene conversion 
remains unchanged over the 6 hours of reaction. Thus, once 
again, the deuterium number of HgS is related to the age of 
the catalyst, rather thanthe conversion level. As before, 
the same oscillatory behavior of the deuterium number as a 
function of reaction time was seen. 
hydrocarbon distributions As thiophene conversion 
levels are lowered, the percentages of the hydrocarbons which 
are butadiene, the mixture of Isobutene and n-butane, and the 
Cg hydrocarbons increase. The largest fractions of thiophene 
desulfurization reaction products produced by the empty reac­
tor are isobutene and Cg hydrocarbons (see Chapter 3, p. 84). 
The possibility exists that some undetected impurity in thio­
phene undergoes hydrogenolysis in the reactor to produce these 
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components. This is not thought to he the case for the re­
maining reaction products. The empty fused-silica reactor 
converted only 0.0062% of thiophene to 1-butene, cis-2-butene, 
trans-2-butene, and butadiene. 
At the low conversion conditions of Table 5.4, butadiene 
comprised 12.4% to 18.4% of the total hydrocarbons, about 
twice the amount obtained at approximately 4% conversion. The 
butenes were produced far from the equilibrium proportions of 
26.5% 1-butene, 43.5% cis-2-butene, and 30.0% trans-2-butene 
(see Chapter 4)—with 1-butene being in great excess. 
1000°C MoS^ Table 5.4 provides the deuterium 
numbers of the butenes and butadiene produced in the low con­
version experiments .—Consider the 1000°C MoSg results first. 
The deuterium numbers are lower them those of the higher con­
version experiments (Table 5.1). Figure 5.23a shows that the 
deuterium numbers decrease with decreasing conversion for all 
components except butadiene, for which a constant deuterium 
number was observed. As conversion falls, the deuterium num­
ber of cis-2-butene falls more rapidly than the deuterium 
numbers of the other butenes. Figure 5.24 illustrates the 
individual deuterium distributions of the C^ hydrocarbons 
produced from 1000°C MoSg after 2 hours of reaction. For 
butadiene, the distribution still has the volcano-type shape 
found in the 4% conversion experiment (Figure 5.4); however. 
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the peak maximum has shifted from d^ to d^. No nondeuterated 
(dg) species were detected. For the hutene distributions, the 
situation is quite different; two maxima were obtained—the 
first at dg and the second at d^ or dg. The amount of totally 
nondeuterated species (dg) is highest for cis-2-butene, fol­
lowed by trans-2-butene, and finally by 1-butene. 
PbMo^ and SnMo^ With a few differences, 
the low conversion results of PbMOg 2^9 emd SnMOg 2^3 parallel 
those of 1000°C M0S2. For PbMog 2^8' conversion changes 
little over the course of 6 hours of reaction, and the deute­
rium numbers of the hydrocarbons also change little (Figure 
5.23b). For both catalysts. Table 5.4 shows that the deuteri­
um numbers of the 2-butenes are quite close to each other and 
are much lower than the deuterium number of 1-butene. For 
butadiene, the deuterium numbers are very close to the values 
of the "high" conversion experiments (Table 5.1). The deute­
rium number of 1-butene from SnMOg is about the same as 
before (D.N. = 5.09 now, versus 5.02 formerly, i.e., from the 
4% conversion experiment), v^ile that from PbMOg 2^3 is lower 
than before (D.N. = 4.49 now, versus 5.36 formerly). 
Figures 5.25 and 5.26 show the complete deuterium distri­
butions after 2 hours of reaction for PbMOg g^g SnMOg 2^8' 
respectively. As with the 1000°C M0S2 low conversion results. 
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the shapes of the butadiene distributions have changed little. 
In addition, no nondeuterated (dg) or monodeuterated (d^) 
butadiene was detected. For the butenes, two distribution 
maxima were also found—dg and dg. For the 2-butenes, the 
amount of nondeuterated species (dg) was greater than any-
other species. Indeed, for PbMOg 2^8' ^0 spscies repre­
sent, on average, about 77% of the total 2-butene component. 
Opposed to 1000°C MoSg, the deuterium distributions of the 2-
butenes are nearly identical. However, they are distinct from 
1-butene. 
N-profiles While it was attempted to calculate N-
profiles for the butenes of the low conversion experiments, 
only very limited success was achieved. The calculated N-
profiles failed to reproduce either the low or high ends of 
the deuterium distributions. The most likely cause of this 
breakdown of the model is the assumption of a single surface 
pool of hydrogen atoms. Apparently, a good-sized fraction of 
the butenes undergoes complete exchange in a very protlum-rich 
pool, while at higher conversions, the overall surface hydro­
gen pool is deuterium-rich. 
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Discussion of Results 
The thiophene deuterodesulfurization (deuterium-exchange) 
experiments have provided Information aibout the mechanism of 
thiophene desulfurization. Before discussing the experimental 
results in detail, a summary is first given of a mechanism 
which is compatible with the deuterodesulfurization results of 
this research and the majority of the hydrodesulfurization 
literature. After this, a detailed discussion of the results 
and their mechanistic implications will be given, and then 
finally, the proposed mechanism will be restated. 
Proposed Mechanism of Thiophene Hydrodesulfurization; 
A ) T h e  h y d r o d e s u l f u r i z a t i o n s i t e  c o n s i s t s  o f  a t  l e a s t  
two "adjacent" anion vacancies on which sulfur-containing 
compounds can adsorb. 
B) Desulfurization of thiophene proceeds by carbon-
sulfur bond breakage through the attack of hydrogen from a 
surface source populated by primarily gas phase hydrogen, 
producing butadiene as the initial reaction product. 
C) The desulfurization of thiophene leaves the elimi­
nated sulfur atom blocking one of the vacancies of the active 
site. 
D) The blocked site is now capable of hydrogen-exchange 
with thiophene, hydrogénation of butadiene, and the isomeriza-
tion of the butenes. The hydrogen source of this site is 
224 
partially populated by hydrogen resulting from the hydrogen-
exchange of thiophene, unlike the original hydrodesulfuriza-
tion (butadiene formation) site of two vacancies. 
E) The adsorbed sulfur atom has a "long" lifetime at the 
surface and acquires hydrogen from the hydrogen-exchange of 
thiophene before being desorbed as H2S. The original hydrode-
sulfurization site is restored upon H2S desorption. 
F) The initial desulfurization product of butadiene is 
hydrogenated to primarily 1-butene, which in turn, is isomer-
ized to cis and trans-2-butene. Both hydrogénation and isom-
erization involve the hydrogen source which is partially popu­
lated by hydrogen resulting from the hydrogen-exchange of 
thiophene. 
The deuterium-thiophene exchange results are now to be 
discussed. First, the nondesulfurized thiophene results will 
be considered, followed by the desulfurization product HgS 
results. Finally, the hydrocarbon results will be 
discussed. 
Thiophene exchange 
At the same thiophene desulfurization conversion levels, 
the amount of deuterium found in the nondesulfurized thiophene 
varied by more than a factor of 10 for the five different 
catalysts studied (see Figure 5.6 and Table 5.3). 1000°C 
M0S2, the least active and only "unpromoted" catalyst, gave 
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the greatest amount of hydrogen-exchange of thiophene. Clear­
ly then, the ability to hydrogen-exchange thiophene is dis­
tinct from the ability to desulfurize thiophene. This conclu­
sion is opposed to that of Behbahany et (91) based on 
their work on C0M0/ÀI2O2 catalysts. This is not surprising 
since these researchers measured the hydrogen-exchange of 
thiophene in rather ill-defined, pulsed experiments and the 
activity measurements were performed in separate continuous 
flow measurements. 
The results of this project support the conclusion of 
Blake et a^. (9) that the majority of thiophene undergoes 
hydrogen-exchange with no chemical change while only a minor­
ity fraction is desulfurized. After 2 hours of reaction, only 
about 1 thiophene molecule in 25 (4%) is desulfurized. But 
for 1000°C MoSg, at one extreme, 99% of the nondesulfurized 
thiophene has incorporated at least one deuterium atom, and 
for PbMOg 2^8' the other extreme, 15% has at least one 
deuterium atom. 
H^S production 
Surprisingly, for all catalysts, almost no deuterium was 
found in the H2S isomers. After 2 hours of reaction (4% con­
version) , the H2S produced over the five different catalysts 
contained an average deuterium number of 0.077 out of a possi­
ble value of 2. This is in agreement with the flow reactor 
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results of Mikovsky et (92) using commercial CoMo/Al^Og 
catalysts, but is completely opposed to the static reactor 
results of Blake et al. (9) using M0S2 catalysts. The latter 
research group found almost no protium in H2S (D.N. = 1.91). 
Here, although oscillating somewhat in value, the HgS 
deuterium numbers were found to increase with increasing reac­
tion time for all the catalysts (Figures 5.8 and 5.22). The 
H2S deuterium number is not directly related to the level of 
thiophene conversion. For example, for two separate 1000°C 
MoSg experiments, after 20 minutes of reaction, D.N. = 0.013 
at 9.19% conversion and D.N. = 0.0007 at 1.44% conversion; 
after 2 hours, D.N. = 0.053 at 3.88% conversion and D.N. = 
0.068 at0.77% conversion; after 6 hours, D.N. = 0.052 at 
2.46% conversion ajid D.N. = 0.067 at 0.53% conversion. For 
Ho2 2MoGSg, over the course of 6 hours of reaction, the thio­
phene conversion decreases only by a factor of 0.93, while the 
H2S deuterium number increases by a factor of 7.0. Similarly, 
for the low conversion PbMOg 2^3 experiment (Table E.6), the 
conversion remains unchanged over 6 hours while the deuterium 
number increases by a factor 4.8 (from D.N. = 0.013 to 0.061). 
Thus, the deuterium content is more affected by the age of the 
catalyst than the conversion level. 
Even given the increase in H2S deuterium number with 
increasing reaction time, the deuterium content was still 
remarkably small. Obviously, the protium in H2S must come 
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from thiophene, as this is the only source of protium avail­
able. Two possibilities exist: 
1) The protium of H^S comes directly from the thiophene 
molecule undergoing desulfurization and eliminating the sulfur 
atom. 
2) The protium of HgS comes, not from the thiophene 
molecule being desulfurized, but from thiophene molecules 
undergoing hydrogen-exchange without desulfurization. 
Kolboe mechanism The first possibility is that of the 
Kolboe intramolecular dehydrosulfurization mechanism (see 
Chapter 2) in which H2S is removed from thiophene by a p-
elimination process to form diacetylene. The hydrogen of H2S 
would come directly from the Isotopically pure protium source 
of the 0 carbon positions of thiophene. Upon first inspec­
tion, the deuterodesulfurization results reported here seem to 
support the Kolboe mechanism, as Mikovsky et al. (92) pro­
posed. However, a more in depth analysis allows the rejection 
of this mechanism. 
First, consider the results of Cowley (93) using the 
labeled thiophene—2,5-dideuterothiophene. The deuterodesul­
furization of this compound resulted in larger amounts of D2S 
(d^) than was obtained from light thiophene. However, under 
the Kolboe mechanism, the deuterium labeling of the a posi­
tions of thiophene should have no effect on the deuterium 
number of thiophene (see Figure 2.9). 
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Second, Mikovsky et al. showed that the H^S deuterium 
numbers Increased with increasing conversion. This, together 
with the overall low values of the deuterium numbers, was 
taken as supporting the Kolboe mechanism. However, their 
experiments were evidently performed using one catalyst sample 
for which the conversion levels were varied by changing the 
reaction temperature. This procedure, while apparently giving 
higher deuterium numbers at higher conversion levels, may 
actually just reflect the tendency of the deuterium numbers to 
increase with the increasing age of the catalyst, as found in 
this study. In addition, no indication is given whether an 
approach to the "steady state" production of HgS was monitored 
and achieved after a change in reaction conditions. Cachet et 
al. (10) have established that the fraction of the total sul­
fur which is the-catalytically involved and replaceable (la­
bile) sulfur varies with reaction conditions. Unless this 
"turnover" of sulfur is allowed to reach "steady state" after 
changing reaction conditions, results must be treated with 
caution. 
Finally, the Kolboe mechanism applied to benzothiophene 
cannot be accommodated without the formation of high-energy 
benzyne intermediates (100), unlikely reaction intermediates. 
Protium from thiophene exchancre Now that the Kolboe 
mechanism has been rejected, the second possible protium 
source must be invoked; i.e., the prnt--intn present in H^S comes 
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from the hvdrocren-exchancre of thlophene. This contention Is 
in agreement with the labeled thlophene results of Cowley. 
What needs to be established is a plausible mechanism by which 
the protium from thlophene becomes associated with the sulfur 
of HgS. 
In the traditional one-point adsorption mechanism of 
thlophene hydrodesulfurizatlon (see Figure 2.12 and reference 
98), surface hydrogen attack on the carbon-sulfur bonds re­
sults in the formation of butadiene and an adsorbed sulfur 
atom. (The more recent multipoint adsorption mechanism (see 
Figure 2.13 and reference 100), while different in the details 
of the Intermediate stages, reaches this same endpoint.) 
Figure 5.27 Illustrates the equivalent process ata multi-
vacancy hydrodesulfurization site. 
The adsorbed sulfur atom is known to have a surface life­
time of some length. Cachet et (10) firmly established 
that there is a "turnover" of surface sulfur atoms—the sulfur 
atom of the desulfurized molecule is fixed on the surface, and 
a presumably adjacent atom is removed as H^S. This experimen­
tal work has been substantiated by the theoretical work of 
Vladov et al. (95). In addition, H^S is known to be strongly 
adsorbed on hydrodesulfurization catalysts (96). This strong 
adsorption and "turnover" of H^S is also supported by the 
static reactor results of Blake et al. (94); thlophene hydro-
desulfurization gave half the expected yield of H2S, 
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iutanethlol gave one-fourth, and tetrahydrothiophene gave no 
H2S at all. (The progressive retention of sulfur on the cata­
lyst would result in a "nonsteady state" surface which changes 
during the course of a static reactor run. This effect may 
offer an ezplemation as to the high H2S deuterium numbers 
obtained from these experiments, unlike the results offered 
here and those of MiJcovsky et al. ) 
The "long" surface lifetime of the adsorbed surface atom 
allows it to be involved in the hydrogen-exchange of thio-
phene. Consider a thiophene molecule adsorbing on the remain­
ing anion vacsincy site of Figure 5.27. Hydrogen-exchange of 
thiophene results in the transfer of a protium atom from thio­
phene to the adsorbed sulfur atom. Upon desorption^ a deute­
rium atom (from a possibly separate source) becomes associated 
with the oc carbon of thiophene, producing the deuterium con­
taining thiophene. À repetition of this process results in 
the formation of HgS; the desorption of which regenerates the 
original multivacsmcy hydrodesulfurization site. 
For deuterodesulfurization, specifically, the ability of 
the partially blocked site to hydrogen-exchange thiophene 
provides the site with a source of protium. Thus, the pres­
ence of the sulfur atom creates a site with a more protium-
rich hydrogen source than the original hydrodesulfurization 
site. For hydrodesulfurization, in general, the blocked site 
has a source of hydrogen other than the gas phase hydrogen 
source. 
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Isotope effects The hydrogen content of H2S may be 
further enriched by the deuterium isotope effect—either ki­
netic or thermodynamic. Briefly, two major types of deuterium 
isotope effects can be distinguished (121): a kinetic effect 
and a thermodynamic effect. Reactions involving deuterium 
addition or X-D bond scission are generally slower than reac­
tions involving protium addition or X-H bond scission—the 
kinetic effect. Thermodynamic isotope effects originate from 
a change in the equilibrium surface concentration of a reac­
tion intermediate. The two effects usually occur in combina­
tion with one another, making interpretations difficult. 
Literature analogs The conclusion that the hydrogen 
of H2S originates from the hydrogen-exchange of thiophene, 
rather than the more abundant hydrogen (deuterium for deutero-
desulfurization) of" the feed, is not surprising in light of 
similar phenomenon in a variety of other catalytic systems. 
For example, Turkevich et aj^. (122) found that the most abun­
dant initial product of the deuteration of ethylenes over 
nickel wire was (dg) instead of the simple addition prod­
uct C2H^D2 (d^). The rapid, reversible exchange of ethylene 
with surface deuterium was thought to populate the surface 
with the protium atoms which was involved in the hydrogéna­
tion. In a more closely related experiment, Kieran and 
Kemball (123) established that for the hydrodesulfurization of 
ethanethiol over M0S2, a greater proportion of the total 
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surface hydrogen came from the dissociative adsorption of 
ethanethiol rather than from the direct chemisorptlon of Hg or 
°2-
Fujlmoto et al. (124) examined the liquid-phase hydrogen-
olysis of thiophene using decalln as a hydrogen donor over 
CoMo/carbon catalysts. The hydrogen atoms of decalln were 
shown to be first transferred to the carbon surface, and then 
to the metal sulfide surface where reaction with thiophene 
occurs. This clearly indicates that the hydrogen involved in 
thiophene hydrodesulfurizatlon need not come from a gas phase 
Dg or Hg source. Indeed, the hydrogen involved in the forma­
tion of H2S comes from thiophene, not from the gas phase or 
source. 
Reaction pathways of hydrocarbon production 
The principal hydrocarbon products of thiophene hydrode­
sulfurizatlon are hydrocarbons: 1,3-butadiene, 1-butene, 
cls-2-butene, and trans-2-butene. What will be shown in this 
section is that these hydrocarbons are produced In a sequen­
tial manner: 
thiophene —> butadiene —^ 1-butene —^ trans-2-butene 
jt 
els-2-butene 
That is, thiophene is transformed into butadiene, which is 
hydrogenated to primarily 1-butene, which in turn undergoes 
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isomerization to the 2-butenes. 
Butadiene production Several results support the 
initial production of butadiene and its subsequent hydrogéna­
tion: 
1) The percentage of the hydrocarbon products which is 
butadiene increases with decreasing conversion, the result 
expected for a sequential pathway. After 2 hours of reaction, 
for example, the amount of butadiene produced over two inde­
pendent 1000°C M0S2 samples increases by a factor of 5.4 (from 
3.4% to 18.4%) upon going from 3.88% (Table 5.1) to 0.77% 
conversion (Table 5.4). In contrast, the relative amount of 
1-butene remains essentially unchanged (37.8% versus 33.8%), 
while cis-2-butene (21.6% versus 10.9%) and trans-2-butene 
(28.0% versus 12.5%) decline in abundance upon lowering the 
level of conversion. Similar results are obtained for a 
(Thevrel phase catalyst—PbMo^ 2^8* After 2 hours of reaction 
of two independent samples, the amount of butadiene increases 
by a factor of 1.9 (from 6.5 to 12.4%) upon lowering the con­
version from 4.10% (Table 5.1) to 0.52% (Table 5.4). In con­
trast, the relative amount of 1-butene declines somewhat 
(55.1% versus 46.5%), while cis-2-butene (19.1% versus 5.8%) 
and trans-2-butene (16.8% versus 5.3%) decline significantly 
in abundance upon lowering the level of conversion. 
2) The N-profile results (Figures 5.14 through 5.18) 
show that for all five catalysts, the amounts of more highly 
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exchanged molecules are higher for the butenes (Ny and Ng) 
than for butadiene (N^ and N^). This supports the pathway of 
butadiene being hydrogenated to butene, since the further 
interactions involved in the hydrogénation process would lead 
to a greater fraction of species which have been totally 
equilibrated at the surface. 
3) For all but one of the catalysts (PbMOg 2^8^' the N-
profile results also indicate that the surface source involved 
in butadiene formation is more deuterium-rich than that in­
volved in butene formation, indicating that different hydrogen 
sources and reaction pathways are involved. For butadiene 
formation (thiophene desulfurization), the mole fraction of 
the surf ace hydrogen source calculâted to be deuterium rangés 
from Zg = 0.736 for PbMo^ to = 0.989 for 1000°C MoSg. 
These high values, indicate that the hydrogen source involved 
in the initial steps of thiophene desulfurization is populated 
primarily by the gas phase hydrogen source (here, deuterium). 
4) Butadiene is known to be readily hydrogenated to 
butene over hydrodesulfurization catalysts with this rate 
being greater than the rate of thiophene or tetrahydrothio-
phene hydrodesulfurization (95). Butadiene hydrogénation can 
also result in the production of excess 1-butene—as was found 
here for the desulfurization of thiophene. This has been 
established for both "aged" MoSg-based catalysts (9) and a 
variety of metal-based catalysts, either "clean" or 
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contaminated by varying amounts of sulfur (119, 125). (Inter­
estingly, the product distributions resulting from butadiene 
hydrogénation depend on the surface state of the catalyst. 
"Fresh" MoSg and heavily sulfur contaminated metal catalysts 
gave close to equilibrium distributions of the butenes, while 
"aged" MoSg and lightly sulfur contaminated metal catalysts 
gave excess 1-butene. Blake et al. (9) interpreted the aging 
of MoSg due to a reduction in the surface S/Mo ratio, i.e., 
a reduction in oxidation state of the surface molybdenum.) 
1-Butene production and isomerization Several results 
indicate that the initially produced 1,3-butadiene is hydro-
genated to give primarily 1-butene, which is then isomerized 
to give the 2-butenes. 
1) All catalysts produced 1-butene in amounts in excess 
of the thermodynamic equilibrium distribution of the butenes 
(Table 4.3). 
2) The catalysts with the least ability to isomerize 1-
butene give the greatest relative amounts of 1-butene (see 
Chapter 4). For example, PbMOg gSg and SnMOg little 
ability to isomerize 1-butene-hydrogen pulses and, independ­
ently, produce 1-butene in great excess during thiophene hy-
dr ode sulf ur i zat ion. 
3) The deuterium distributions of the 2-butenes are 
different from 1-butene. For all catalysts except 1000°C 
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MoSg, the cis-2-hutene and trans-2-butene deuterium distribu­
tions are nearly identical but distinct from that of 1-butene. 
For Ho2 (figure 5,11), while the distribution of cis-2-
butene is closer to that of trans-2-butene than to that of 1-
butene, both the 2-butene distributions are quite close to 
that of 1-butene. As one proceeds from Co 25~^°l~^ (Figure 
5.10), to PbMOg 2^q (Figure 5.12), to SnMOg (Figure 5.13), 
the 2-butenes contain increasingly more deuterium than does 1-
butene. Not unexpectedly, the N-profiles of these latter 
compounds (Figures 5.15, 5.17, and 5.18) show that the 2-
butenes contain more highly exchanged species (N^ and Ng) than 
does 1-butene. The explanation is relatively straightforward: 
the 2-butenes are produced from the isomerization of 1-butene; 
thus, they have undergone more interactions with the surface. 
The greater number of surface interactions produces a greater 
number of highly exchanged species. These results and conclu­
sions are clearly opposed to the static reactor thiophene 
deuterodesulfurization results of Blake et al. (9) usiner MoS-
catalysts. The identical deuterium distributions of all the 
butene products lead to the conclusion that they were formed 
by parallel routes without substantial isomerization. 
The high isomerization ability of the most active cata­
lyst, Ho^ 2^0gSg, leads to a rapid interconversion of the 
butenes and nearly identical butene deuterium distributions. 
This is confirmed by the N-profile calculations (see Figure 
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5.16)—for all the butenes, the vast majority of the molecules 
have all 8 atoms equilibrated at the surface pool. (Note that 
this is not the case for butadiene; the amount of totally 
exchanged species (N^) is less than the amount of species for 
which 5 positions have been equilibrated (N^). This again 
supports the sequential reaction of butadiene to butene.) 
1000°C MoS^ butene isomerization À different situa­
tion exists for the butene components produced from 1000°C 
M0S2 (Figure 5.4). Here, 1-butene contains more deuterium 
(D.N. = 5.82) than does cis-2-butene (D.N. = 5.71), which in 
turn contains more deuterium than does trans-2-butene (D.N. = 
5.59). However, this result can also be explained in terms of 
theinitial production of primarily l-butene, which is isomer-
ized to the 2-butenes. The N-profiles (Figure 5.14) support 
this interpretation; both cis and trans-2-butene contain more 
totally exchanged species (Ng), which are enhanced in the 
isomerization process, than does l-butene. The presence of 
less deuterium in the 2-butenes, even though these components 
have undergone a greater number of surface interactions, is at 
first confusing. The key lies in the composition of the sur­
face hydrogen source with which the butenes undergo exchange 
during their isomerization—this hydrogen source must contain 
more protium than deuterium. This particular situation is 
unique to 1000°C M0S2, but is not totally unexpected in that 
this catalyst by far produced the most hydrogen-exchange of 
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thlophene, and thus had a relatively greater protium supply. 
The composition of the hydrogen source involved in isom-
erization must be inferred indirectly since the N-profile 
model can not determine the separate pool compositions in­
volved in the sequential steps of desulfurization, hydrogéna­
tion, and isomerization; only a fitted average is indicated. 
However, this average still indicates that a more protium-rich 
source is involved in hydrogénation emd isomerization than in 
desulfurization. For 1000°C MoSg, the surface hydrogen pool 
of butadiene formation is more deuterium-rich (Zg = 0.989) 
than that of 1-butene formation (Zg = 0.821), which in turn is 
more deuterium-rich than that of 2-butene formation (average 
The interpretation that the source of hydrogen in which 
the butenes undergo exchange during isomerization is relative­
ly protium-rich is substantiated by the low conversion ex-
chcinge experiments. In these experiments, the amounts of 
nondeuterated material (d^), which must be formed by exhaus­
tive exchange in a protium-rich pool, become dominant as con­
versions are lowered. 
What is not well-understood is why for lOOO^C M0S2, op­
posed to the other catalysts, the cis-2-butene deuterium dis­
tribution is unlike the trans-2-butene distribution. Evident­
ly, the degree of surface interaction is different for these 
two components. While simplified in this discussion, the 
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Isomerizatlon of the hutenes is in itself a complex process. 
For example, Kallo and Engelhardt (126) determined that the 
isomerization of n-hutenes over reduced Mo/AlgOg catalysts 
proceeded through two intermediates. One intermediate was 
common to each isomer, while the other was only involved in 
the cis I—» trans isomerization. Over freshly oxidized 
M0/ÀI2O2 catalysts, Goldwasser et al. (127, 128) established 
that double bond shifts and cis <—» trans isomerization oc­
curred by proton catalyzed isomerization through common inter­
mediates. However, cis ^  > trans isomerization also occurred 
through an Independent metathesis mechanism (through exchange 
of ethylidene groups). Similar olefin metathesis reactions 
have been found to occur over unsupported MoS^ catalysts 
(129), for which, in addition, a variety of "structural pre­
requisite" olefin isomerization reactions have been observed 
(43). For 1000°C MoSg, one of these processes may influence 
the cis-2-butene pathway in a different manner than the trans-
2-butene pathway, resulting in the observed differences in the 
deuterium distributions. 
Restatement of Mechanismt 
The majority of contentions of the mechanism proposed at 
the start this section have been substantiated by the thio-
phene deuterodesulfurization and related results, as already 
discussed. Here, the issues which have not been addressed 
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will be discussed with the majority of the evidence cited 
coining from the literature. The discussion will proceed point 
by point through the proposed mechanism. 
Point A). The hvdrodesulfurization site 
Traditionally, the surface site involved in hydrodesul-
furlzation has been viewed as containing a sulfur vacancy at 
which the sulfur-containing organic compound becomes coordi­
nated. Several facts indicate that the active site has more 
than one adsorption center, with these centers being "adja­
cent" to one another. 
First, the majority of kinetic studies have established 
that thethlophene and HgS Inhihition term exhibits a square 
power in the rate expression, implying a dual-site adsorption 
center (6). Second, Og and NO chemlsorption (which have been 
independently correlated to hydrodesulfurization activity) are 
believed to take place on the dual anion vacancies of Mo 
centers (15). 
The concept of multiple vacancy sites is well-established 
in heterogeneous catalysis. For example, (low temperature) 
reactions of olefins on MoSg have been postulated as occurring 
on sites with one, two, or three anion vacancies (43). Here, 
the major reason for invoking the concept of an active site 
containing multiple, adjacent adsorption centers is the abili­
ty of this site to be partially blocked and still possess some 
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catalytic functions. The proposed hydrodesulfurization site 
is illustrated in Figure 2.27. Anion vacancies are illus­
trated as the adsorption centers, though other options are 
possible. (For example, in the multipoint mechanism of Kwart 
et al. (100), the second adsorption site is a surface sulfur 
atom.) As indicated by the kinetic studies, independent sites 
for hydrogen adsorption are indicated. 
Thus, in summary, point A): The hydrodesulfurization site 
consists of at least two "adjacent" anion vacancies on which 
sulfur-containing compounds can adsorb. 
Point B). Bond breakaae of thiophene hydrodesulfurization 
While tbe Kolboe intramolecular dehydrosulfurization 
mechanism has been able to be rejected here, the deuterium-
tracer results provide little information as to whether hydro­
génation of th.e thiophene ring precedes carbon-sulfur bond 
breakage or whether carbon-sulfur bond breakage occurs without 
previous ring hydrogénation. Further, no differentiation as 
to whether ring hydrogénation and carbon-sulfur bond breakage 
are concerted reactions has been possible. This initial step 
of thiophene hydrodesulfurization, important as it is, is 
still the least understood and most difficult to study aspect 
of the reaction mechanism. 
However, what has been established is point B): desulfur-
ization of thiophene proceeds by carbon-sulfur bond breakage 
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through the attack of hydrogen from a surface source populated 
by primarily gas phase hydrogen, producing butadiene as the 
initial reaction product. 
Point C). Sulfur adsorption 
The sulfur atom of thiophene is coordinated to one of the 
anion vacancy sites during the desulfurization process. After 
being eliminated from the molecule, the sulfur atom is re­
tained at the site and blocks one of the original vacancies, 
point C). 
Point D). Hydrogénation and isomerization sites 
It has been discussed that the sulfur-blocked hydrodesul-
furization site becomes a site for the hydrogen-exchange of 
thiophene. Evidence exists that this site is also active for 
the hydrogénation of butadiene and the isomerization of the 
butenes. 
1) For deuterodesulfurization, the hydrogen-exchange of 
thiophene on the blocked site makes it a more protium-rich 
site than the original hydrodesulfurization site- Here, buta­
diene hydrogénation and butene isomerization have been estab­
lished to occur using hydrogen sources which are also more 
protium-rich than the original thiophene hydrodesulfurization 
(butadiene formation) source. This is most expediently ex­
plained by requiring the hydrogen-exchange (blocked.) sites to 
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also be the hydrogénation and Isomerization sites. As a con­
sequence, the surface hydrogen source of these sites, partial­
ly populated through the hydrogen-exchange of thiophene, is 
the source involved in hydrogénation and isomerization. 
2) The partially blocked sites possess S-H groups, which 
in addition to being involved in the hydrogen-exchange of 
thiophene, are known to be involved in butadiene hydrogéna­
tion. Barbour and Campbell (130) studied the hydrogénation of 
butadiene in the presence of over a MoSg catalyst on which 
D^S had been preadsorbed. The deuterium distributions of the 
butene products lead to the conclusion that the deuterium 
introduced as D2S was that involved in the hydrogénation reac­
tion. The authors concluded that the hydrogen of surface S-H 
groups was active în the hydrogénation of butadiene. (inter­
estingly, the deuterium distributions of the 2-butenes were 
very similar, but quite distinct from the 1-butene distribu­
tion. ) 
Thus, point D): the blocked site is now capable of 
hydrogen-exchange with thiophene, hydrogénation of butadiene, 
and the isomerization of the butenes. The hydrogen source of 
this site is partially populated by hydrogen resulting from 
the hydrogen-exchange of thiophene, unlike the original hydro-
desulfurization (butadiene formation) site of two vacancies. 
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Point E). H^S production 
The strong adsorption of HgS on hydrodesulfurization 
35 
catalysts (96) and the S tracer studies of Cachet et al. 
(10) clearly indicate that the sulfur atom has a "long" sur­
face lifetime. The results of this present project definitely 
show that the desorhed H2S contains almost no deuterium—a 
result of acquiring its hydrogen from the hydrogen-exchange of 
thiophene. Here, as with the composite hydrodesulfurization 
mechanisms which have been presented in the literature, the 
desorption of HgS restores the original hydrodesulfurization 
site. 
Point F) . Butene production and isomerization 
The results of this research indicate point F): the ini­
tial desulfurization product of butadiene is hydrogenated to 
primarily 1-butene, which in turn, is isomerized to cis and 
trans-2-butene. Both hydrogénation and isomerization involve 
the hydrogen source which is partially populated by hydrogen 
resulting from the hydrogen-exchange of thiophene. 
Implications of the mechanism 
The proposed mechanism provides auiswers to several ques­
tions. First, why is there no direct relationship between the 
ability to desulfurize thiophene and to hydrogen-exchange 
thiophene? Desulfurization occurs at sites with multiple 
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vacancies, while exchange occurs at these sites after they 
have been partially blocked. The "promoted" catalysts (Co 25" 
Mo^-S and M^MOgSg) were able to desulfurize thiophene with 
much less hydrogen-exchange of thiophene than the unpromoted 
catalyst (1000°C M0S2); therefore, they had a smaller fraction 
of sites which were blocked. The higher hydrodesulfurization 
activity is achieved through the ability to recycle (through 
H2S desorption) the catalytically active sites. 
The number of anion vacancies of a surface cation is 
related to its oxidation state—more vacancies correspond to a 
more reduced state (131). This is illustrated in the action 
of H2 on an adsorbed sulfur atom to generate an anion vacancy 
and HgS: 
Mo"^ '^  + S~^  + Hg ç=± Mo+(*"2) + • + H2S 
As described in Chapter 4, the "promoter" atoms stabilize 
reduced molybdenum states, or alternatively, they stabilize 
the multiple vacancy states necessary for hydrodesulfuriza­
tion. In unpromoted molybdenum catalysts, these multiple 
vacancy sites are probably limited to specific crystallograph-
ic locations, i.e., edge or corner positions of M0S2 crystal­
lites. 
The second question which the mechanism addresses is why 
different poisons affect the different catalytic functions of 
hydrodesulfurization catalysts differently. HjS is known to 
strongly inhibit hydrodesulfurization (86), but hydrogénation 
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is insensitive to (132) or only very weakly inhibited by (88) 
the presence of H^S. In the present mechanism, adsorption of 
a sulfur atom (or H2S) blocks one of the vacancies of the 
desulfurization site, destroying its activity for desulfuriza-
tion. However, the site can still function for hydrogénation. 
Thus, H^S inhibits hydrodesulfurization to a much greater 
extent than hydrogénation. 
Massoth and MuraliDhar (6) viewed the relative partial 
pressures of H2S and H2 as determining a dynamic equilibrium 
between the concentration of vacancies and sulfur blocked 
sites. Van Parys et aJ. (89) went further, as has been done 
here, in suggesting that the hydrodesulfurization and hydro­
génation sites are inter converted through the action of 
and H2. 
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CHAPTER 6. CONCLUSIONS AMD RECOMMENDATIONS 
Conclusions; Activity Measurements; 
1). Chevrel phase compounds (M^MOgSg) are active hydro-
desulfurization catalysts, the activities of which are compa­
rable to model MoSg-based catalysts. 
2). Chevrel phase catalysts are poor hydrogénation cata­
lysts; they exhibit little ability to hydrogenate 1-butene. 
3). The most active Chevrel phase materials for thio-
phene desulfurization are the large cation compounds, followed 
by the intermediate cation compounds, with the small cation 
compounds being the least active. 
4). The bulk structure of the Chevrel phase compounds is 
stable under hydrodesulfurization reaction conditions. 
5). Chevrel phase catalysts exhibit reduced surface 
molybdenum states which have varying degrees of stability with 
respect to oxidation under hydrodesulfurization reactor condi­
tions. The large cation compounds have stable, reduced mo­
lybdenum states, while partial oxidation occurs for the inter­
mediate and small cation materials. 
6). The partial surface oxidation of molybdenum occurs 
through the loss of the ternary component from the surface 
under reaction conditions. The low mobility of the large 
cations prevents loss of the ternary component and surface 
oxidation. 
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Recommendations: Activity Measurements: 
1). An investigation of other model sulfur-containing 
compounds is recommended. Here, only thiophene desulfuriza-
tion was studied. It would be of interest to examine the 
ability of the unusual promoters and reduced molybdenum oxida­
tion states of the Chevrel phases to desulfurize both more 
reactive feeds (tetrahydrothiophene, butanethiol, etc.) and 
less reactive feeds (benzothiophene, dibenzothiophene, etc.). 
2). A detailed kinetic study of thiophene desulfuriza-
tion over Chevrel phase catalysts is recommended. Here, only 
normalized desulfurization rates were measured. The results 
of a classical Langmuir-Hinshelwood type kinetic study could 
be compared to results from conventional MbS2-based catalysts 
to see whether the same reaction mechanisms and parameters are 
found. 
3). An investigation of other model unsaturated hydro­
carbons is recommended. Here, 1-butene was the only unsatu­
rated hydrocarbon used to measure hydrogénation activities. 
Other feed stocks should be investigated—the more easily 
hydrogenated 1,3-butadiene, for example. Measurements using 
continuous flows of the hydrocarbons, rather than pulsed 
flows, should also be investigated. 
4). More detailed characterization of the Chevrel phase 
catalysts is recommended. Several results of this study have 
little explanation—the wide variation In the activities of 
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the tin Chevrel phases of varying composition, and the low 
pulsed activity of the fresh holmium catalysts. Application 
of other characterization techniques, especially surface sen­
sitive techniques, could provide further insights into cata-
lytically important parameters. 
5). The investigation of other Chevrel phase compounds 
is recommended. Here, only nine different elements were in­
vestigated as ternary components of Chevrel phase catalysts, 
leaving approximately 30 elements left to be investigated. In 
addition, am almost endless number of substitutional compounds 
exist. For example, Rh can be partially substituted for Mo in 
the MOg clusters, and Co or Pb may be partially substituted 
for a rare-earth ternary component. Numerous surprises may 
exist. 
Conclusions; Thiophene Exchancre Experiments; 
1). There exists no direct relationship between the 
catalytic ability to hydrogen-exchange thiophene and the abil­
ity to desulfurize thiophene. 
2). Under continuous flow reactor conditions, the hydro­
gen in the thiophene hydrodesulfurization product H2S comes 
from thiophene molecules undergoing hydrogen-exchange, not 
from the gas phase hydrogen source. 
3). 1,3-Butadiene is the initial product of thiophene 
desulfurization. 
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4). 1,3-Butad.iene, in turn, is hydrogenated to primarily 
1-butene, which itself is then isomerized to the 2-butenes. 
This hydrogénation and isomerization occurs using a hydrogen 
source which is partially composed of hydrogen originating 
from the hydrogen-exchange of thiophene. 
5). Chevrel phase catalysts exhibit a catalytic nature 
which is much closer to that of cobalt-promoted M0S2 catalysts 
than to that of unpromoted MoSg catalysts. 
Recommendations; Thiophene Ryrhange Experiments: 
1). Deuterium-tracer studies of other model sulfur-
containing compounds are recommended. The flow reactor re­
sults of this study differ in several key areas from previous 
static reactor results. This, together with the potential 
reaction pathway manipulation ability of the Chevrel phases, 
warrants a tracer study of other model sulfur-containing com­
pounds, tetrahydrothiophene, for example. 
2). Investigations using labeled thiophene are recom­
mended. While Cowley (93) made several interesting observa­
tions using 2,5-dideuterothiophene as a reactor feed, his 
reaction conditions were rather poorly defined. Further mech­
anistic information could result from well-defined hydrodesul-
furization experiments using 2,5-dideuterothiophene and 3,4-
dideuterothiophene. 
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APPENDIX À. ACTIVITY CALCULATIONS 
In this appendix are given the details of the hydrodesul-
furization and hydrogénation activity calculations. 
Hydrodesulfurizatlon and Hydrogénation 
Calibration of reactor system 
Gas flows The electronic mass flow controllers 
(Tylan), through which all gases were metered, were calibrated 
using a 100 ml bubble flow meter with the outlet gas vented at 
22°C and one atmosphere of pressure. The measured flow rate 
versus controller setting resulted in extremely linear re­
sponses over the entire range of each mass flow controller. 
Thlophene The thiophene flow from the syringe pump 
was calibrated by measuring the time required to deliver a 
known volume of liquid from the syringe. Measured flow rates 
from the syringe were very reproducible; the pump is specified 
to provide a flow reproducibility of +2% of the setpoint rate. 
Under the conditions of this research (using the 7 ml/hr range 
of the pump), an average (3 measurements) thlophene flow of 
0.0865 ml/hr was obtained, which corresponds to 3.04'10~^ 
mole/sec, assuming a thlophene density of 1.06494 gm/ml. 
Relative response factors The FID detector of the gas 
chromâtograph was calibrated by determining the relative re­
sponse factors of the reaction products. Knowing these val­
ues, the amount (concentration) of component b in a mixture is 
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given by the following relationship 
N. b 
where N 
a 
moles of standard a. 
= moles of component b, 
= peak area of standard a, 
Ajj = peak area of component b and 
- molar response factor of compound b relative to 
compound a. 
By definition the response factor f^ is unity. Here, 1-butene 
was taken to be the standard, and the relative response factor 
of thiophene, fçp, was determined to be 0.864. The response — 
factors of all hydrocarbons were assumed to be equal. 
(This is very reasonable, in that Moser (133) found, using an 
identical GC and FID detector, that the response factors of 1-
butene, 1,3-butadiene, and n-butane were all within 2% of one 
another.) The relative response factor of the hydrocarbons 
was estimated by the method of Kaiser (134), based on the 
number of carbon atoms in the hydrocarbon. The molar response 
factor, relative to benzene, of a hydrocarbon containing i 
carbon atoms is: 
12n^ 
0.923 
Thus, the molar response factor of the hydrocarbons 
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relative to the hydrocarbons is: 
12x3 
0.923 
f  = = 0 . 7 5  
C3 12x4 
0.923 
Hvdrodesulfurization activities 
The conversion of thiophene to desulfurized hydrocarbons 
is defined as: 
E (outlet) 
conversion (%) = ; ; x 100 
N,j,(outlet) + Z outlet) 
where the molar flow rates of thiophene (N^) and the hydrocar­
bons are measured at the outlet of the reactor. The 
conversion is defined in terms of outlet conditions, rather 
than attempting a carbon balance based conversion, because of 
limitations present in the performance of the thiophene satu-
rator. While the flow of thiophene from the syringe was very 
uniform, the flow of vaporized thiophene from the heated satu-
rator oscillated somewhat in time (with the oscillations being 
within approximately +10% of the mean flow) . The above 
conversion definition provides an internal normalization, 
since each calculation is based on the thiophene flow measured 
at that point in time. 
For the activity measurements performed in the stainless 
steel reactor, isobutene and the hydrocarbons were 
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neglected in the conversion calculations; 
conversion (%) 
where and Kj, are the measured areas of the hydrocarbons 
(1-butene, butadiene, cis-2-butene. trans-2-butene, and n-
butane) and thiophene, respectively, and is the thiophene 
relative response factor. 
For the deuterium-thiophene exchange experiments (per­
formed in the fused-silica reactor), isobutene and the 
hydrocarbons were included in the conversion calculations: 
flow hydrodesulfurization, i.e., the hydrodesulfurization 
activity, was calculated from the inlet flow rate of thiophene 
and the conversion level: 
conversion (%) X 100 . 
Continuous flow HPS activities The rate of continuous 
HDS activity = 
N,p X conversion(%) 
mole/sec* m 2 W X S X 100 
where N,j, = molar flow rate of thiophene into reactor 
(3.04*10 ^ mole/sec). 
W = weight of catalyst (gm) and 
2 S = surface area of catalyst (m /gm). 
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Pulsed flow HPS activities The rate of pulsed flow 
thiophene hydrodesulfurization was calculated assuming that 
the pulse had plug flow behavior in passage through the reac­
tor. Then, the previous equation can also be used to calcu­
late the activities, except that the molar flow rate of the 
thiophene-hydrogen pulses becomes the molar flow rate of the 
helium carrier gas through the bed. The carrier gas flow of 
19.4 ml/min (at 22°C, 1 atm.) and the 2 mole % mixture of 
thiophene in hydrogen (see Chapter 4) corresponds to a 
thiophene flow of ; 
A _ 0.0206 X 19.44 ml/min x 1 atm ^ min 
^ 82.057 X 295 K 
= 2.75*10 ^ mole/sec. 
Hydrogénation activities 
The conversion on which the rate of 1-butene hydrogéna­
tion to n-butane (i.e., the hydrogénation activity) is based 
is defined as: 
A p 
conversion (%) = =—r x 100 
with 1-butene, cis-2-butene, trans-2-butene. and n-butane 
being the hydrocarbons and being the peak area of n-
butane. As discussed in Chapter 3, the empty stainless steel 
reactor gave a 0.03% conversion of 1-butene to n-butane, and 
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this value was subtracted from all conversion values before 
calculation of the hydrogénation activity. 
As in the pulsed flow hydrodesulfurization activity mea­
surements, it is again assumed that the 1-butene-hydrogen 
pulses ezhibit plug flow behavior in the reactor. Therefore, 
the hydrogénation activity is determined from a relationship 
identical to the hydrodesulfurization activity; 
N , X  c o n v e r s i o n  ( % )  ^  
HYD activity = —-—w x S x 100 mole/sec-m . 
Since the 2 mole % 1-butene in hydrogen pulses were also in­
jected into the reactor with a carrier gas flow of 19.4 
ml/min, the molar flow rate of 1-butene (N,_„) is the same as 
. - ^ O — - • •• 
that of thiophene in the pulsed hydrodesulfurization activity 
• —7 
measurements, i.e., N^_g = 2.75*10 mole/sec. 
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APPENDIX B. SUPPLEMENTAL X-RAY DIFFRACTION PATTERNS 
This appendix contains the x-ray powder diffraction 
patterns of: InMOg AgMOg (Figure B.l); Cu^ 2MOgSg 
and Cug gMOgSg (Figure B.2); Fe^ gMo^Sg and Ni^ gMOgSg (Figure 
B.3); molybdenum and M02 06^3 B.4). 
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APPENDIX C. DEUTERIUM DISTRIBUTION CALCULATIONS 
The calculation of the distribution of deuterium in a 
component is a common experimental problem. The deuterium 
distribution is a series of numbers d^,, d,, . . , d_, where d_ U X lu HI 
represents the fraction of the component containing m deuteri­
um atoms. Since the substitution of a deuterium atom for a 
protium atom in a molecule increases the molecular weight by-
one mass number, the deuterium distribution is most easily 
determined by mass spectrometry, as was done here. The rela­
tive intensities of the molecular (parent) ions contain the 
deuterium distribution information. However, the peak heights 
of these ions must be corrected for fragmentation of the mo­
lecular ion and the presence of naturallyoccurring heavy 
isotopes. 
Correction Equations 
Fragmentation correction factors 
Fragmentation (cracking) of the molecular ions, resulting 
in ions of lower mass, can be reduced by lowering the energy 
of the ionizing electrons. With the electron energy of 18.0 
eV (nominal) used in this research, only the loss of one hy­
drogen atom is significant. Define a fragmentation correction 
factor, ot: 
_ M - 1 peak height 
M peak height 
Here, a represents the ratio of the peak heights of the ions 
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Table C.l. Deuterium distribution correction factors 
component 
corr- 1- cis- trans- buta- H^S thio-
fact. butene 2-butene 2-butene diene phene 
cx 0. 107 0. 0879 0. 0834 0. 0818 0. 0911 0. 0729 
0. 0351 0. 0333 0. 0351 0. 0368 0. 0064 0. 0456 
P2 0. 0335 0. 0335 
M-2 0. 0074 0. 0059 0. 0023 0. 0032 0. 0017 0. 0021 
which have lost one hydrogen atom (mass M-1),.to the peak 
heights of the molecular ions of mass M. Table C.l contains 
the ot factors for- the components analyzed in this study. (The 
values provided represent the average of 4-6 measurements 
using the same GC-MS conditions used in the deuterium-thio-
phene exchange experiments. The reference samples analyzed 
were generated from H^-thiophene reaction experiments per­
formed under the same conditions as the D^-thiophene exchange 
experiments. In addition, several determinations of the 
hydrocarbon values were done using a standard gas mixture 
(Matheson, primary standard grade). ) 
On the average, a is about 9% of the molecular ion peak 
heights. Table C.l also provides the ratios of the mass M-2 
275 
peak heights (resulting from loss of 2 hydrogens) to the mass 
M peak heights. Under the low ionization energy conditions, 
the mass M-2 peak heights are, at worst, 0.74% of the mass M 
peak heights. Therefore, the loss of two hydrogen atoms has 
been neglected. The correction for the loss of one hydrogen 
atom was done in a statistical manner, assuming equal proba­
bilities for the loss of a protium or a deuterium atom. 
Naturally occurring heavy isotope correction factors 
The second correction arises due to the presence of natu-
13 34 
rally occurring heavy isotopes: C and S. For the hy­
drocarbons, define a correction factor g : 
a _ M + 1 peak heicrht 
^ M peak height 
3 represents the ratio of the peak heights of the ions which 
13 have one C atom (mass M+1), to the peak heights of the mo­
lecular ions of mass M. Table C.l contains the 3 factors for 
the hydrocarbons, as determined for each individual 
component. 
34 Since S accounts for about 4% of naturally occurring 
sulfur, the presence of this additional heavy isotope must be 
accounted for in the peak height corrections applied to the 
deuterium isomers of H2S and thiophene. With all other terms 
defined as before, two 3 correction factors are defined: 
276 
R = M -H 1 peak heicrht 
M peak height 
a _ M + 2 peak height 
^2 M peak height 
13 33 Here, 3^ accounts for the presence of C or S (0.85% ahun-
34-dance), while accounts for the presence of S or the com-
13 33 bination of two atoms of either C or S. 
Errors 
The procedure used here for calculating the deuterium 
distributions, while by far the most common method, is subject 
to certain errors. (See reference 135 for more complete de­
tails. ) Equal probabilities have been assumed for the loss of 
a protium or a deuterium atom. However, measurements have 
shown that protium is lost preferentially when fragmentation 
occurs (136). It has also been assumed that the molar inten­
sities of the molecular (parent) ions are equal for all deu­
terium isomers. This assumption implies the further equiva­
lence of all ionization and collection efficiencies. For 
deuterium isomers of small molecules (C^'s and Cg's), signifi­
cant errors can be introduced with this assumption (137). 
However, the only option is to determine the mass spectrum of 
each possible deuterium isomer separately for use as a refer­
ence (138)—a prohibitive task for the hydrocarbons. 
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hydrocarbon correction equations 
Define 0^ to be the uncorrected molecular ion peak height 
of a molecule containing i deuterium atoms, and let 9^ be the 
molecular ion peak height after correction for naturally oc­
curring and statistical cracking. As an example, consider 
the corrections to the experimental data for the butenes. 
Here, we have: 
eqn. 1 Gg = $g - 9yp 
eqn. 2 8^ = - 9^3 
eqn. 3 9^ = - gByOC - 9ga - $^3 . 
Substituting eqn. 2 into eqn. 1 resultsin: 
eqn. 4 9g = - 9gP)p . 
Neglecting the second order term gives the desired expression: 
eqn. 5 ®g = Og - (|)yP . 
In a similar manner, eqn. 3 can be substituted into eqn. 2 to 
yield, after dropping terms which are second order in the 
correction factors (a or 3): 
eqn. 6 9^ = - 0^3 . 
In a similar manner, the rest of the peak height correction 
equations may be obtained: 
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i = 3-6 
eqn. 9 8^ 
eqn. 10 0^ = gGgW - - OgP 
eqn. 11 0^ 
A analogous series of equations is obtained for butadiene. 
(The expressions given here are similar to those of Davis and 
Somorjai (139).) 
Sulfur-containing compound correction equations 
The corrected peak height of the totally deuterated HgS 
(d^) isomer can be written as; 
After substituting eqns. 13 and 14- into eqn. 12, and dropping 
second order terms, the final result is obtained: 
eqn. 12 82 = $2 " ®1^1 ~ ®0^2 ' 
Similarly 
eqn. 13 82 
eqn. 14 0Q 
eqn. 15 @2 = ^2 ~ *1^1 
279 
Similarly, 
eqn. 16 = 0^ - (})q3^ 
eqn. 17 ©0 ~ - I®!** ~ ®2^ ' 
In an identical manner, the equations for the correction of 
the thiophene deuterium isomers are obtained: 
eqn. 18 8^ = - $2^2 
eqn. 19 ©3 = $3 - $2^1 ~ "^1^2 
eqn. 20 ©2 ~ *2 " *'*1^1 ~ ^0^2 ~ ^4.°^ ~ ^^3% 
eqn. 21 = 0^- *Qp2 ~ 1^3** ~ i®2°'' 
eqn. 22 6q = <J)q - ^ @2°"' " l^l** * 
The peak height corrections were done on each individual 
scan obtained from the reaction product peak eluted from the 
gas chromâtograph. The corrected peak heights were summed 
over the entire GC peak, and the deuterium distributions and 
mean deuterium numbers (D.N.) were calculated from these 
summed values. Define 9^^ to be the corrected molecular ion 
peak height of scan j for the species containing i deuterium 
atoms. Then, the fraction of a component which contains i 
deuterium atoms is: 
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where N is the total number of exchangeable hydrogen atoms in 
the molecule. Knowing these values, the deuterium number is 
easily calculated: 
N 
D.N. = Z id. . 
i = l . 
Figures C.l, C.2, and C.3 illustrate typical output from 
the mass spectrometer after the above correction procedures 
have been applied to the deuterium isomers of thiophene, HgS, 
and the hydrocarbons, respectively. The original uncor­
rected outputs are shown in Figures 5.1, 5.2, and 5.3. 
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Figure C.l. Corrected mass spectrometer data for deuterium 
isomers of thiopiiene from Co ^ rxn. 
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Mass 36 
Scan Number 
Figure C.2. Corrected mass spectrometer data for deuterium 
isomers of H2S from Co 25-MOi-S, 2 hr rxn. 
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Figure C.3. Corrected mass spectrometer data for deuterium 
isomers of C^ hydrocarbons from Co 25~Mo^-S, 
2 hr rxn. 
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APPENDIX D. N-PROFILE CALCULATIONS 
The N-profile represents a series of numbers Nq, N2, 
. . . where N^ represents the fraction of a component for 
which i of its hydrogen atoms originate from (or are equili­
brated at) a surface pool of chemisorbed hydrogen. (See Chap­
ter 5 for a more complete description.) 
Given the N-profile values and the composition of the 
surface pool, Zg (where is the atomic fraction deuterium), 
then a distribution of deuterium in the component may be cal­
culated; 
cal ^ 
eqn. 1 d„ = Z d„(i)N. i>m 
® i=m * 1 
where N is the number of exchangeable hydrogen atoms in the 
molecule. Here, djjj(i) represents the probability of choosing 
m deuterium atoms when selecting i total hydrogen atoms from 
the surface pool; 
(Xjj'°)(l - %%)!-* i! 
eqn. 2 = ml (i -m) ! 
The problem is to find the N^ aind values which give 
the "best" fit of the calculated deuterium distribution to the 
experimental values. Here, the N-profiles were calculated by 
finding the values of N^ and Zg which minimize the sum of the 
squares of the differences (residuals) between the known ex­
perimental deuterium distribution and the distribution 
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calculated from the assumed and Xg values (through use of 
eqn. 1); 
0 = S (d?*P - d9^1)2 
1 = 0 ^ ^ 
N N 
eqn.3 = Z (d™ - E d ( i) N. )^ . 
i=0 ^ i=m ™ ^ 
Since, by definition, 
N 
S  N .  = 1  
i = 0 ^ 
the amount of totally exchanged material (N^) was calculated 
through the relationship: 
N"" 1 
N„ = 1 - 2 N.-
N i = 0 ^ 
Thus, the number of variables in the system is the number of 
exchangeable hydrogens, plus 1, minus the number of values 
which are to be set equal to zero. 
The sum of the squares of the residuals was minimized 
through the use of the IMSL library routine ZXMWD (140), a 
global minimization, with constraints, algorithm. Here, all 
and x^ values were constrained to lie between 0 and 1, 
inclusive. Briefly, the ZXMWD routine does 4 minimization 
iterations at a specified number of starting points distrib­
uted about in the variable space. After this, the 5 points 
which result in the lowest values of the function are allowed 
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to continue until convergence. From these 5 local minima, the 
global minimum is taken as the point which gives the lowest 
functional value. The number of starting points of the search 
was set to be the smaller of (2^+5) or 100, where M equals 
the number of variables in the system. 
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APPENDIX E. SUPPLEMENTAL DEUTERIUM-EXCHANGE DATA 
Contained in this appendix are further details of the 
results obtained from the thiophene exchange (deuterodesulfur-
ization) experiments. Tables E.l through E.6 provide, for all 
the catalysts studied, the reaction product distributions and 
deuterium numbers for reaction times between 20 minutes and 6 
hours. Figures E.l and E.2 graphically illustrate the re­
stricted N-profile results for Co 25~Mo^-S and PbMOg 2^8* 
Finally, Tables E.7 through E.ll provide the numerical values 
of the C^ hydrocarbon deuterium distributions and N-profiles. 
Table E.l. Supplemental deuterium-exchange data of Co 25"^°!"^ 
reaction thio. Cg iso- 1-butene cia-2- trans-2- buta- HgS thio-
time conv. butene butene butene diene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 min 8.19 3.6 1.8 33.0 6.09 25.9 6.26 31.8 6.25 3.9 3.88 0.016 0.610 
1.33 hr 5.07 5.2 1.4 34.2 5.69 24.7 5.86 28.4 5.86 6.1 3.63 0.033 0.413 
2 hr 4.36 5.8 1.3 34.2 5.61 24.5 5.77 27.4 5.77 6.8 3.54 0.043 0.360 
4 hr 3.41 6.9 1.1 34.1 5.47 24.0 5.58 25.6 5.61 8.3 3.43 0.028 0.275 
6 hr 2.95 7.5 3.3 33.9 5.40 21.5 5.51 24.6 5.53 9.2 3.39 0.043 0.230 
Table E.2. Supplemental deuterium-exchange data of Ho^ 
reaction thlo. Cg iso- 1-butene clg-2- trana-2- buta- HgS thio-
time conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 rain 3.71 2.3 2.6 33.9 4.87 22.8 4.99 29.3 4.96 9.1 3.40 0.035 0.586 
1.33 hr 3.68 2.4 2.4 34.4 5.02 23.8 5.08 29.6 5.07 7.4 3.44 0.045 0.572 
2 hr 3.68 2.3 2.3 34.8 4.99 23.9 5.05 29.4 5.04 7.3 3.41 0.130 0.560 
4 hr 3.53 2.4 2.5 35.9 4.92 23.6 4.99 28.4 4.98 7.2 3.34 0.039 0.512 
6 hr 3.44 2.5 2.6 36.7 4.95 23.2 5.03 27.6 5.01 7.4 3.35 0.240 0.490 
Table E.3. Supplemental deuterium-exchange data of PbMog gBg 
reaction thlo. Cg Iso- 1-butene cla-2- tran3-2- buta- HgS thlo-
tirae conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 mln 4.34 1.9 0.5 52.9 5.48 20.0 5.69 18.6 5.66 6.1 3.74 0.043 0.202 
1.33 hr 4.28 1.9 0.5 54.1 5.42 19.6 5.59 17.8 5.57 6.1 3.65 0.066 0.180 
2 hr 4.10 2.0 0.5 55.15.36 19.15.54 16.8 5.53 6.5 3.59 0.090 0.166 
4 hr 3.67 2.2 2.3 57.4 5.33 16.0 5.44 14.8 5.42 7.3 3.53 0.080 0.139 
6 hr 3.47 2.3 2.4 58.9 5.34 15.1 5.43 13.5 5.42 7.8 3.54 0.113 0.123 
Table E.4. Supplemental deuterium-exchange data of SnMOg gSg 
reaction thio. Cg iso- 1-butene ci3-2- trans-2- buta- thlo-
tlme conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 min 4.44 1.6 1.6 49.9 5.14 19.3 5.43 22.1 5.39 5.5 3.31 0.019 0.262 
1.33 hr 4.12 1.8 1.7 51.6 5.01 18.7 5.29 21.0 5.26 5.2 3.29 0.014 0.219 
2 hr 4.07 1.9 1.7 52.4 5.02 18.3 5.31 20.4 5.26 5.3 3.31 0.068 0.208 
4 hr 3.67 2.1 2.0 54.8 4.97 17.0 5.25 18.6 5.19 5.5 3.26 0.011 0.179 
6 hr 3.47 2.3 2.1 56.2 4.99 16.3 5.25 17.6 5.21 5.5 3.20 0.107 0.165 
Table E.5. Supplemental deuterium-exchange data of 1000°C MoSg, low conversion 
reaction thio. Cg iso- 1-butene cis-2- trans-2- buta- HgS thio-
time conv. butene butene butene diene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 min 1.44 6.7 7.1 40.5 4.85 14.2 4.49 17.7 4.65 13.7 3.00 0.0007 0.520 
1.33 hr 0.90 10.2 10.8 35.6 4.65 11.5 3.82 13.7 4.44 18.0 2.98 0.034 0.212 
2 hr 0.77 11.5 13.0 33.8 4.51 10.9 3.40 12.5 4.28 18.4 2.96 0.068 0.142 
4 hr 0.60 14.2 16.4 30.8 4.13 10.1 2.65 10.5 3.86 18.0 2.93 0.023 0.082 
6 hr 0.53 15.6 18.8 28.4 3.90 9.8 2.38 10.13.64 17.5 2.98 0.067 0.056 
Table E.6. Supplemental deuterium-exchange data of PbMog gSg, low conversion 
reaction thio. Cg iso- 1-butene ci3-2- trana-2- buta- HgS thlo-
time conv. butene butene butene dlene phene 
+ 
butane 
(%) (%) (%) (%) D.N. (%) D.N. (%) D.N. (%) D.N. D.N. D.N. 
20 rain 0.48 14.8 15.7 43.5 4.24 6.3 0.89 6.1 1.17 13.6 3.42 0.013 0.019 
1.33 hr 0.49 14.6 15.0 45.6 4.33 5.3 1.48 6.2 1.32 13.3 3.43 0.021 0.012 
2 hr 0.52 13.9 16.1 46.5 4.49 5.8 1.06 5.3 1.16 12.4 3.41 0.048 0.016 
4 hr 0.51 14.2 16.4 46.4 4.40 5.7 0.91 5.2 1.02 12.1 3.41 0.027 0.015 
6 hr 0.50 14.4 16.9 45.5 4.36 5.5 0.91 5.3 1.15 12.4 3.42 0.061 0.017 
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Table E.7. N-profile results of 1000°C MoSg, 2 hr reaction 
1 
0 1 2 3 4 5  6 7 8  
1-butene 
d^ (exp) 0.4 0.7 1.0 3.0 9.7 21.8 30.6 23. 6 9. 2 
0 0 0 0 2.4 0.0 22.2 29. 9 45. 5 
d. (cal) 0.0 0.1 0.6 3.2 10.1 21.9 30.8 23. 9 9. 4 
0 0 0 0 0 0 15.3 23. 2 61. 5 
d^ (cal) 0.0 0.0 0.5 2.9 10,2 22.4 30.5 24. 3 9, 3 
cis-2-butene 
d^ (exp) 1.0 0.8 1.2 3.8 10.9 21.7 28.8 22. 5 9. 4 
0 0 0 0 3.2 0.0 22.4 18. 0 56. 4 
d^ (cal) 0.0 0.1 1.0 4.1 11.4 21.9 29.1 22. 8 9. 6 
0 0 0 0 0 0 20.0 0. 0 80. 0 
d^ (cal) 0.0 0.1 0.7 3.7 11.4 22.5 28.8 23. 2 9. 5 
trans-2-butene 
d^ (exp) 0.8 0,9 1.5 4.9 12.7 22.9 28.0 20. 2 8. 2 
0 0 0 0 4.5 0.0 27.0 15. 7 52. 8 
d^ (cal) 0.0 0.2 1.3 5.2 13.1 23.1 28.2 20. 5 8. 4 
0 0 0 0 0 0 24.8 0. 0 75. 2 
d^ (cal) 0.0 0.2 1.0 4.6 13.2 23.9 28.1 20. 9 8. 2 
butadiene 
d^ (exp) 0.0 0.0 4.8 24.2 42.7 21.3 7.0 
0 0 3.7 23.2 43.5 22.1 7.5 
d^ (cal) 0.0 0.3 4.3 24.3 42.8 21.3 7.0 
N^^ 0 0 0 0 52.2 30.7 17.2 
{cal) 0.0 0.6 5.4 23.3 42.8 21.0 6.8 
Restricted N-profile. 
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Table E.8. N-proflle results of Co 25-M02-S, 2 hr reaction 
i 
0 1 2 3 4 5  6 7 8  
1-butene 
d^ (exp) 1.2 0.6 0.7 3.6 13.5 24.1 27. 7 20. 4 8 .1 
N^ 0 0 0 0 5.2 15.5 27. 0 28. 4 23 .9 
d. (cal) 0.0 0.1 0.9 4.5 13.3 24.3 28. 0 20. 5 8 .3 
N^^ 0 0 0 0 0 0 29. 2 2. 9 68 .0 
d^ (cal) 0.0 0.1 0 . 9  4.5 13.3 24.3 28. 0 20. 5 8 .3 
cis-2-butene 
d^ (exp) 1.6 0.6 0.7 3.0 11.0 21.5 28. 1 23. 2 10 .4 
0 0 0 0 0.7 0.3 24. 3 0. 0 74 .7 
d. (cal) 0.0 0.1 0.7 3.6 11.2 21.9 28. 3 23. 5 10 .7 
N^^ 0 0 0 0 0 0 25. 2 0. 0 74 .8 
d^ (cal) 0.0 0.1 0.6 3.4 11.0 22.1 28. 5 23. 5 10 .7 
trans-2-butene 
d^ (exp) 1.2 0.6 0.6 3.2 11.6 21.9 27. 7 22. 7 10 .5 
0 0 0 0 3.6 11.2 24. 2 26. 1 35 .0 
d. (cal) 0.0 0.1 0.7 3.8 11.6 22.3 27. 8 23. 0 10 .7 
0 0 0 0 0 0 23. 3 0. 0 71 .7 
d^ (cal) 0.0 0.1 0.7 3.5 11.3 22.6 28. 4 22. 9 10 .6 
butadiene 
d^ (exp) 0.0 2.7 17.3 28.9 29.8 16.4 4. 9 
N^ 0 0 12.5 24.8 32.6 21.6 8. 5 
d (cal) 0.4 4.2 15.8 29.5 29.2 16.4 4. 6 
0 0 0 0 32.8 19.4 47. 8 
d. (cal) 0.5 4.3 15.6 29.3 29.3 16.2 4. 7 
Restricted N-profile. 
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Table E.9. N-proflle results of Ho^ 2^05^8' ^  reaction 
0 
1-butene 
N 
cls-2-butene 
(exp) 0.6 
1 
. (cal 
a 
1 
^ ( cal 
N 
N 
0 
0 
t rans-2-butene 
(exp) 0.5 
«1 
^1 
0 
).j 
0 
butadiene 
^1 
«1 
0 
) . É  
0 
1 2 3 
1 
4 5 6 7 8 
0.9 3.6 10.4 20.5 27.2 23.2 11. 7 2.6 
0 0 0 1.9 0.0 7.9 0. 0 90.2 
0.7 3.6 10.5 20.5 27.1 23.3 11. 7 2.6 
0 0 0 0 0 16.5 0. 0 83.5 
0.6 3.3 10.4 20.8 27.3 23.1 11. 8 2.7 
1.1 3.1 9.2 19.1 26.8 24.3 12. 9 3.0 
0 0 0 3.0 0.0 3.4 0. 2 93.4 
0.7 3.3 9.5 19.2 26.9 24.5 12. 9 3.0 
0 0 0 0 0 15.9 0. 0 84.1 
0
 
tn
 
2.8 9.3 19.6 27.2 24.3 13. 1 3.3 
1.1 3.2 9.5 19.4 26.6 24.0 12. 7 3.1 
0 0 0 2.5 0.0 10.2 0. 2 87.1 
0.7 3.3 9.8 19.4 26.7 24.1 12. 8 3.1 
0 0 0 0 0 20.1 0. 0 79.9 
0.5 2.8 9.5 19.9 27.1 24.0 12. 9 3.3 
5.3 17.6 28.8 28.3 16.0 3.5 
0 5.3 16.2 26.3 35.4 16.8 
5.2 17.6 28.8 28.3 16.0 3.5 
0 0 0 14.4 1.7 83.9 
5.5 17.1 28.9 28.3 15.6 3.8 
^Restricted N-proflle. 
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Table E.IO. N-profile results of PbMOg gSg' 2 hr reaction 
1-butene 
(exp) 
Ni 
d^ (cal) 
«1^ 
cis-2-butene 
0 1 2 3 
i 
4 5 6 7 8 
0 . 3  0 . 7  1 . 4  5 . 4  1 5 , 7  2 8 . 1  2 9 . 2  1 5 . 9  3 . 4  
0  0  0  0  1 . 1  0 . 0  2 3 . 0  4 7 . 0  2 9 . 0  
o
 
o
 0 . 2  1 . 2  5 . 6  1 5 . 9  2 8 . 1  2 9 . 4  1 6 . 0  3 . 6  
0  0  0  0  0  0  1 5 . 9  5 0 . 5  3 3 . 6  
o
 
o
 
0 . 1  1 . 2  5 . 5  1 6 . 0  2 8 . 2  2 9 . 3  1 6 . 1  3 . 5  
dj^ (exp) 1.5 0.9 1.1 3.8 11.8 24.4 30.9 20 .6 5 .1 
0 0 0 0 2.2 0.0 0.0 51 .4 46 .5 
d^ (cal) 0.0 0.2 1.0 4.3 12.3 24.6 31.3 21 .1 5 .4 
0 0 0 0 0 0 0.0 42 .7 57 .3 
d^ (cal) 0.0 0.1 0.7 3.8 12.3 25.2 31.2 21 . 1 5 .8 
trans-2-butene 
d^ (exp) 1.5 0.9 1.0 3.6 12.0 24.4 31.2 20 .7 4 .6 
0 0 0 0 2.4 0.0 0.0 56 .9 40 .7 
d. (cal) 0.0 0.2 1.0 4.3 12.3 24.7 31.6 21 .0 5 .0 
0 0 0 0 0 0 0.1 49 .3 50 .6 
d^ (cal) 0.0 0.1 0.7 3.7 12.2 25.4 31.5 21 .0 5 .4 
butadiene 
d^ (exp) 0.0 3.6 15.7 27.6 29.1 18.9 5.1 
N^ 0 0 0.0 15.1 15.8 37.6 31.5 
d^ (cal) 0.4 4.0 15.1 27.8 28.9 18.9 5.0 
0 0 0 0 22.3 3.1 74.6 
d. (cal) 0.5 4.3 14.9 27.4 29.3 18.2 5.4 
^Restricted N-profile. 
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Table E.ll. N-profile results of SnMog gSg, 2 hr reaction 
0 
1-butene 
(exp) 0.0 
N^ 0 
d. (cal) 0.0 
N^^ 0 
d^ (cal) 0.0 
cis-2-butene 
Ni 
^i 
0 
).( 
0 
1  2  3  
i  
4  5  6  7  8  
0 . 6  1 . 6  7 . 4  2 1 . 4  3 3 . 6  2 6 . 1  8 . 4  1 . 0  
0  0  0  0 . 1  1 7 . 0  4 9 . 4  2 7 . 8  5 . 8  
0 . 2  1 . 5  7 . 5  2 1 . 5  3 3 . 7  2 6 . 2  8 . 4  1 . 1  
0  0  0  0  0  5 8 . 8  3 2 . 2  9 . 0  
o
 
to
 
1 . 6  7 . 8  2 1 . 4  33.4 2 6 . 4  8 . 1  1 . 2  
0 . 9  1 . 3  4 . 9  1 5 . 4  2 8 . 6  2 9 . 8  1 5 . 5  2 . 6  
0  0  0  0 . 8  0 . 0  2 4 . 0  5 3 . 0  2 2 . 2  
0 . 2  1 . 5  6 . 2  1 6 . 2  2 6 . 9  2 8 . 0  1 6 . 6  4 . 3  
0  0  0  0  0 .  1 9 . 5  5 6 . 3  2 4 . 2  
o
 
H
 
1 . 1  5 . 4  1 5 . 9  2 8 . 7  3 0 . 1  1 5 . 9  2 . 7  
tran3-2-butene 
~1 
"i 
d^ ( ca] 
butadiene 
1 
*i 
*i 
0 . 7  1 . 0  1 . 6  5 . 5  1 6 . 0  2 8 . 8  2 9 . 4  1 4 . 7  2 . 3  
0  0  0  0  1 . 7  0 . 0  2 4 . 5  5 4 . 0  1 9 . 8  
0 . 0  0 . 2  1 . 4  6 . 0  1 6 - 5  2 8 . 8  2 9 . 6  1 5 . 1  2 . 3  
0  0  0  0  0  0  0 . 0  7 0 . 7  2 9 . 3  
0 . 0  0 . 1  1 . 2  5 . 8  1 6 . 6  2 9 . 0  2 9 . 6  1 5 . 2  2 . 5  
0 . 0  3 . 0  2 0 . 0  3 5 . 8  2 7 . 6  1 1 . 5  2 . 0  
0  0  1 3 . 1  3 4 . 5  3 2 . 4  1 6 . 5  3 . 5  
0 . 3  4 . 3  1 8 . 9  3 5 . 9  2 7 . 3  1 1 . 4  1 . 8  
0  0  0  0  5 6 . 8  2 3 . 3  1 9 . 8  
0 . 7  5 . 8  1 9 . 7  3 3 . 5  2 9 . 0  1 0 . 8  0 . 6  
^Restricted N-profile. 
